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Abstract 
 
Assessment of public health risk due to waterborne disease is delayed by the inability to 
rapidly isolate microorganisms from water for their detection. Australian Escott natural 
zeolites (natural zeolitized tuffs - NZs), modified by either a silanisation (SZ) or surfactant 
modification (SMZ) procedure were investigated to rapidly isolate Escherichia coli, 
Enterococcus faecalis and bacteriophage MS2 from water. It was hypothesised that 
microorganisms would bind to the NZ’s added as a powder with particle size <75 µm to 
water, be separated by sedimentation and detected by culture or molecular-based assays. 
Binding to the NZ’s was fast (within 10 minutes) and the NZ-microorganism complex was 
easily separated by sedimentation. However, microorganism isolation varied in different water 
chemistries and with different chemical modification of NZ surfaces. Isolation by SMZ, 
which had been described previously, was achieved at low levels (less than 10%) presumably 
because chemical inactivation prevented microorganism detection. For SZ, more than 60% of 
bacteria and 30% of MS2 bacteriophage (seeded at 103 cfu or pfu/ml) were isolated and 
detected after agitation in various solutions and in rainwater, bottled water and seawater. 
Selective isolation of E. faecalis was also enhanced using a novel phage endolysin recombinant 
protein attached to SZ, increasing isolation to greater than 85%. Furthermore, pyrosequencing 
analysis revealed that SZ isolated the most representative population of environmental 
bacteria from rainwater compared to SMZ and NZ. The process of isolation to detection 
was completed within three hours and did not require electricity, making NZ-isolation 
practical for field-based applications. The main drawback was lack of sensitivity as consistent 
isolation of very low numbers of microorganisms in water (< 10
2 cfu or pfu/ml) was not 
achieved. Nonetheless the isolation of live bacteria and viruses by SZ is a novel approach 
and could potentially be used in combination with molecular-based assays to detect waterborne 
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pathogens. 
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Abbreviations and Symbols 
 
2YT two times yeast extract tryptone 
 
AMP ampicillin 
 
APTES (3-aminopropyl)triethoxysilane 
 
ATCC American Type Culture Collection 
 
°C degrees Celsius 
 
cDNA complementary DNA 
 
Ce equilibrium concentration (cfu or pfu/ml) 
 
CEC cation exchange capacity 
 
CFC continuous flow centrifugation 
 
cfu colony forming unit 
 
Cs seeding concentration (cfu or pfu/ml) 
 
Ct quantitative PCR cycle threshold 
 
CWBD cell wall binding domain 
 
Cz concentration of microorganisms on zeolites 
DLVO theory Derjaguin, Landau, Verwey and Overbeek electric 
double layer theory 
 
DNA deoxyribonucleic acid 
 
DST defined substrate technology 
 
ENT Enterococcus agar 
 
g gram 
 
HDTMA-Cl hexadecyltrimethylammonium chloride 
 
IMS immunomagnetic separation 
 
kDa kiloDalton 
 
L litre 
 
LB Luria-Bertani 
 
M molar 
 
MAC MacConkey agar 
 
µg microgram 
 
µl microlitre 
 
mg milligram 
 
ml millilitre 
MWCO molecular weight cut off 
 
nm nano metre 
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NZ natural zeolitized tuff 
 
PBS phosphate buffered saline 
 
PCR polymerase chain reaction 
 
pfu plaque forming unit 
 
qPCR quantitative polymerase chain reaction 
 
RNA ribonucleic acid 
 
rRNA ribosomal ribonucleic acid 
 
RT-PCR reverse transcription polymerase chain reaction 
 
RT-qPCR reverse transcription quantitative polymerase chain 
reaction 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel 
electrophoresis 
SMZ surfactant modified zeolite 
 
SZ silanised zeolite 
 
TCR Total Coliform Rule 
 
TFF tangential flow filtration 
 
T-RFLP terminal restriction fragment length polymorphism 
 
TYGB tryptone yeast extract glucose broth 
 
US EPA United States Environmental Protection Authority 
 
VBNC viable-but-non-cultivable 
 
WB western blot 
 
WHO World Health Organisation 
 
g relative centrifugal force 
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Chapter 1 - Literature Review 
 
1.1 Introduction 
Current methods to monitor potential pathogenic microorganisms in water are time- 
consuming and there is a need to research alternative approaches to speed up the process (Aw 
and Rose 2012, Bridle, Miller, and Desmulliez 2014, Straub and Chandler 2003). In simple 
terms the process can be divided into three main steps: 
 
1. Collection of water samples, 
 
2. Increasing microorganism numbers to detectable levels and, 
 
3. Detecting the presence and/or number of specific microorganisms 
 
 
The collection of water samples has been well documented and when standard operating 
procedures are correctly implemented the speed and accuracy of monitoring is not affected. 
It is the second and third steps that typically involve time-consuming processes of cultivation 
and biochemical detection. Many studies have focused on ways to reduce detection times 
(step three) and several non-culture-based approaches appear promising (Aw and Rose 2012, 
Bridle, Miller, and Desmulliez 2014, Straub and Chandler 2003, Connelly and Baeumner 
2012). However, step two remains problematic. Increasing the numbers of microorganisms 
and at the same time reducing the sample volume to the very small volumes (≤ 1ml) that are 
required for faster non-culture-based detection assays, has not yet been sufficiently 
achieved. One way to increase numbers and to decrease the volume of water for testing is 
by separating or ‘isolating’ the microorganisms from the water, and this was the focus of the 
present study. 
The work presented here was industry driven with the purpose to evaluate a natural clay 
adsorbent, Australian Escott Zeolites (natural zeolitized tuffs – NZ), to isolate bacteria and 
virus from water.  It was hypothesised that NZs, either in an unmodified form or following 
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different surface modification processes, would bind to waterborne bacteria and viruses in 
liquid suspensions and that the NZ-bound microorganisms would be simply separated 
from the liquid by sedimentation. Secondly, it was hypothesised that the NZ-bound 
microorganisms could be detected using traditional culture-based methods or by rapid 
molecular detection assays using DNA or RNA extracted from the zeolite-microorganism 
complex. The overall approach was to isolate microorganisms on NZ’s and detect 
microorganisms on NZ’s (NZ - bound microorganisms) using previously described 
quantitative PCR (q-PCR), and culture-based assays. 
 
1.2 Waterborne Pathogenic Microorganisms 
 
The ability to identify potentially pathogenic enteric microorganisms in public waters is 
necessary to assess the risk to public health. The primary source of enteric microorganisms 
in water is faecal contamination from agriculture (animals) or from human sewage (de Man et 
al. 2014, Pall et al. 2013). Pathogens include bacteria, viruses and protozoa and range in size 
from 28 nm (viruses) up to 50 µm (human protozoal pathogens). Doses of as little as 103 bacterial 
cells or one viable virus particle or protozoan (oo)cysts can cause mild to severe disease 
(Ashbolt 2004, Straub and Chandler 2003, Fong and Lipp 2005).  Enteric microorganisms 
can survive for extended periods in water and many viruses and protozoa are resistant to 
conventional chemical treatment protocols (Fong and Lipp 2005, Yates 2007). The negative 
impact of waterborne disease is felt globally. 
 
1.2.1 Health Impacts 
 
Waterborne disease has been said to be “one of the greatest challenges of the twenty-first 
century” (Bartelt and Guerrant 2012). According to available records, in 2011 an 
estimated 768 million people still had limited access to improved drinking water systems 
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(WHO/UNICEF 2013) and, around 1.9 million deaths were reported as the result of 
waterborne diarrhoeal disease (Bridle 2014). The majority of these deaths were young 
children in developing countries (Bridle, 2014, WHO 2004, Kosek, Bern, and Guerrant 
2003). Malnutrition, the lack of adequate sanitation and the risk of re-infection due to a 
high endemic disease burden has contributed to the problem (Ashbolt 2004, Gilman et al. 
1988). Increased awareness and improved sanitation has assisted in reducing mortality (Kosek, 
Bern, and Guerrant 2003), but has been unable to prevent the multitude of deaths associated 
with waterborne disease in developing countries (Kusneniwar et al. 2013, Chugh 2008).  The 
known waterborne pathogens and their associated disease are listed in Table 1.  
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Table 1: Waterborne pathogenic microorganisms and associated diseases in humans 
(Source: Ashbolt, 2004, Fong and Lipp, 2005, Straub and Chandler, 2003). 
 
Pathogen Disease 
Viruses 
Poliovirus 
Enterovirus 
Coxsakievirus 
Hepatitis A virus 
Echovirus 
Poliomyelitis 
Encephalitis 
Aseptic meningitis 
Infectious hepatitis 
Aseptic meningitis 
Adenovirus Respiratory disease and diarrhoea 
Norovirus 
Calicivirus 
Astrovirus 
Gastroenteritis/diarrhoea 
Gastroenteritis/diarrhoea 
Gastroenteritis/diarrhoea 
Reovirus 
 
Rotavirus 
Respiratory and enteric disease 
 
Gastroenteritis/diarrhoea 
Bacteria 
Salmonella Typhoid and diarrhoea 
Shigella Bacillary dysentery/diarrhoea 
Vibrio cholera Cholera 
Campylobacter Gastroenteritis 
Leptospira Leptospirosis 
Enteropathogenic E. coli Gastroenteritis 
Yersinia Gastroenteritis 
Legionella Legionellosis 
Aeromonas Gastroenteritis 
Protozoa 
Cryptosporidium hominis and C. parvum Gastroenteritis (cryptosporidiosis) 
Giardia duodenalis Gastroenteritis (giardiasis) 
Cyclospora Gastroenteritis 
Acanthamoeba castellani Amoebic meningoencephalitis 
Entamoeba histolytica Amoebic dysentery 
Naegleria fowleri Amoebic meningoencephalitis 
Microsporidia Gastroenteritis; muscular and renal disease 
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Outbreaks of waterborne disease also occur in developed countries, mainly due to inadequate 
hazard (microorganism) identification, inadequate disinfection, filtration barrier failure, 
faecal waste-water contamination and a lack of maintenance in distribution systems (Hrudey 
and Hrudey 2007). The economic impact of disease outbreaks is high because of lost 
productivity, medical treatment costs and the cost of investigating sources of contamination 
and reviewing treatment or disinfection practices (Neumann, Smith, and Belosevic 2005). 
For example, an outbreak of cryptosporidiosis in Milwaukee in 1993 and the reporting of 
Cryptosporidium and Giardia in Sydney’s drinking water supply in 1998, were estimated to 
cost US $96.2 million (Corso et al. 2003) and AUD $70 million (Allen, Clancy, and Rice 
2000) respectively. Waterborne disease-associated mortality continues to pose a risk to the 
very young, elderly and immunocompromised individuals (Gerba, Rose, and Haas 1996, 
Theron and Cloete 2002). 
Future predictions associated with climate change and population increases are expected to 
place more pressure on the access to safe drinking water.  Extreme rainfall events have been 
linked with poor water quality, washing pathogens from sewer overflows into drinking or 
recreational water sources (Cann et al. 2013, Marsalek and Rochfort 2004, Curriero et al. 
2001). Increases in the number of severe weather events are therefore likely to increase the 
number of outbreaks of waterborne disease (Koelle, Pascual, and Yunus 2005, Patz et al. 
2008). In addition, some regions including the south west of Western Australia are 
experiencing extended periods of reduced rainfall. Less surface water runoff in this region 
has prompted investigations into groundwater aquifer recharge with recycled wastewater (Li 
et al. 2006). This could reduce the pressure on traditional drinking water stocks and lead to a 
more sustainable drinking water source for the future.  
Wastewater typically contains high concentrations of potentially pathogenic microorganisms 
and, although most are removed by the treatment processes, harmful levels of pathogens have 
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been identified post treatment (Levantesi et al. 2010, Toze et al. 2010, Hanjra et al. 2012). 
Current drinking water risk assessment practices in Australia are based on historical drinking 
water sources and not on new sources such as groundwater aquifer recharge with recycled 
wastewater. Due to changes in drinking water sources it may be beneficial to review and, if 
deemed necessary increase the frequency or increase the range of testing for microbial 
contaminants in drinking water.  The issues outlined above suggest a need to review current 
water quality monitoring practices to ensure the safety of public health in the future. 
 
1.3 Water Quality Monitoring 
 
1.3.1 Standards for Water Quality 
 
On a global scale, the World Health Organisation (WHO) sets the guidelines for the 
assessment of drinking water quality (WHO 2008). Guidelines were developed “to support 
the development and implementation of risk management strategies that will ensure the safety 
of drinking-water supplies.” (WHO, 2008, p1). Recommendations include the use of multiple 
protection barriers to prevent or reduce water contamination with enteric microorganisms 
and that routine monitoring is performed throughout the distribution system to ensure that 
the barriers are functioning efficiently (WHO 2008). Routine monitoring involves testing 
water for the presence of faecal coliform (Escherichia coli) and thermo- tolerant coliform 
bacteria which are used as indicators of faecal contamination in water. The United States 
Environmental Protection Agency (USEPA) approved the faecal and thermo-tolerant coliform 
bacterial indicator system in 1989 and implemented the Total Coliform Rule (TCR) in 1990. 
Since then, the TCR has undergone several revisions to better protect public health (USEPA 
2013). 
Australia has implemented a similar risk management approach to assure the quality of drinking 
water that has been embedded in the Australian Drinking Water Guidelines in 2004 as the 
Framework for Drinking Water Quality.  In a review by the National Health and Medical 
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Research Council (NHMRC) in 2003, E. coli was endorsed as the “primary indicator of 
faecal contamination in the Australian Drinking Water Guidelines” (Stevens, Ashbolt, and 
Cunliffe 2003). The performance measure for E. coli in drinking water systems is that no E. 
coli cells should be detected in any one 100 ml sample of water. If detected, an immediate 
response plan must be initiated including additional testing, source and distribution tracking 
of the contamination, identification of potential barrier breeches and the need for additional 
disinfection treatments (NHMRC 2011). The biggest problem with this monitoring system is 
the time required to detect E. coli. 
 
1.3.2 Detection of indicator bacteria 
 
Culture-based assays currently used to detect indicators of recent faecal contamination (E. 
coli and thermo-tolerant faecal coliforms) in water include commercial defined substrate 
technologies such as Coliscan® (Micrology Laboratories, USA), Colilert® (IDEXX 
laboratories, USA) and Chromocult® (Merck, Germany) (Fricker and Eldred 2009) and the 
non-commercial total coliform membrane filtration-cultivation method (NHMRC 2011). 
Culture-based methods produce a result in 18 or more hours after test initiation. This time is 
required to cultivate the low numbers of bacteria to detectable levels, meaning faecal 
contamination could be in the water for more than 18 hours before the issue is identified. 
Aside from the time required for culture-based assays, concerns have also been raised 
regarding the validity of coliforms as adequate indicators of pathogens more broadly in 
water (Yates 2007, Savichtcheva and Okabe 2006). Investigations have shown that 
pathogenic Legionella was present in water that did not contain coliform bacteria (Ahmed, 
Goonetilleke, and Gardner 2010) and many viruses and protozoa have longer survival in 
environmental waters and a greater resistance to chemical treatment processes than coliform 
bacteria (Lemarchand, Masson, and Brousseau 2004, Yates 2007). It has been suggested that 
other microorganisms, including Enterococcus faecalis, Clostridium perfringens spores and 
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bacteriophage should also be included as indicators of waterborne disease risk (Yates 2007, 
NHMRC 2011).  Nowadays E. faecalis has been adopted as indicator of public health risk, 
especially in marine waters and methods similar to those for E. coli have been developed for 
their detection (NHMRC 2011).  
Non-bacterial indicators (virus and protozoa) have not yet been routinely used. One of the 
major barriers to the use of viruses and protozoa for this purpose is that they generally require 
more complex detection assays than those for bacteria.  Ultimately the development of a 
technique to simultaneously isolate and detect waterborne bacteria, virus and protozoan 
indicators is desired but to date has not been adequately achieved (Aw and Rose 2012, Straub 
and Chandler 2003). 
 
1.4 Detection of Specific Pathogens 
 
1.4.1 Current Culture-based Methods 
 
Prior to investigating a technique to detect multiple water quality indicator species, the 
methods currently used to detect different types of microorganisms in water are briefly 
reviewed. At present specific pathogens are only detected when its presence is suspected 
and their detection will provide data that will specifically inform the management of water 
quality. A key barrier to the more widespread testing of pathogens is that it is not 
technically, practically and economically feasible to test water for the presence of all 
pathogenic microorganisms (Koster et al. 2003, NHMRC and NRMMC 2004). When 
specific analysis is required, target bacteria and viruses numbers are enriched by culture 
using specific methods optimised for each organism (Table 2) (NHMRC 2011). Culture-
based detection of microorganisms in water can be specific, quantitative and provides 
information on the viability of isolated organisms. However, it is expensive, labour 
intensive and requires 18 or more hours to obtain a result for bacteria and several weeks 
for viruses (Noble and Weisberg 2005, Koster et al. 2003). False negatives may also occur 
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due to the presence of viable-but-non-cultivable (VBNC) forms of bacteria and because 
environmentally stressed bacteria are often unable to replicate in culture (Soni et al. 2008, 
Theron and Cloete 2002, Koster et al. 2003, Byrd, Xu, and Colwell 1991). Other 
limitations are that unlike many bacteria and some viruses, key protozoa like 
Cryptosporidium and key viruses like Norovirus cannot currently be cultivated. Consequently, 
non-culture-based methods were developed and are traditionally used to detect protozoa in 
water (Table 2). 
 
Table 2: Current methods used to detect viruses, bacteria and protozoa (Cryptosporidium  
and Giardia) in water. Source: (USEPA 2005, 2002b, a, 2001b) 
 
 
Microorganism 
 
Assay time 
 
Current detection method 
 
Viruses 
 
> 24 hours 
to several 
weeks 
 
Enrichment by cell culture followed by plaque 
assay 
 
Bacteria 
 
≥ 18 hours 
 
Enrichment by culture on agar followed by 
colony counts 
 
Protozoa 
(Cryptosporidium  
and Giardia) 
 
Variable 
 
Immunological staining followed by 
epifluorescence microscopy to count (oo)cysts 
 
 
1.4.2 Non culture-based Methods 
 
The need to detect non-cultivable microorganisms and the need to obtain results faster than is 
possible using culture-based assays has led to the development of several non-culture-based 
rapid detection assays. A ‘rapid’ detection assay has been classified as an assay that provides 
a result within four hours (Noble and Weisberg 2005, Straub and Chandler 2003). Molecular, 
immunological and biochemical or metabolic-based assays have the potential to fulfill this 
requirement (Aw and Rose 2012, Bridle, Miller, and Desmulliez 2014, Connelly and 
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Baeumner 2012, Straub and Chandler 2003). One of the more promising and extensively 
studied techniques, nucleic acid amplification otherwise known as polymerase chain reaction 
(PCR), has been reviewed by others (Toze 1999, Ramírez-Castillo, et al. 2015). 
 
1.4.3 Nucleic acid amplification 
 
All organisms contain nucleic acids, making this method attractive for the simultaneous 
detection of bacteria, virus and protozoa. Polymerase chain reaction (PCR) is a nucleic 
acid-based detection tool in which target nucleic acid sequences are amplified under 
optimised thermal cycling conditions (Saiki et al. 1986). PCR products are identified by 
amplicon size following UV-fluorescence of agarose gels or by the real-time quantitative 
detection of fluorescence using specialised equipment (Heid et al. 1996). The latter, 
quantitative PCR (qPCR) has the same theoretical basis as a gel based PCR with the 
inclusion of fluorescent labels that attach to PCR products. Quantification of the amount of 
fluorescence produced during the reaction enables the number of gene copies in a given 
sample to be determined using standards of a known number of gene copies (Heid et al. 
1996). This principle has enabled PCR to evolve from a simple presence/absence tool to 
a sensitive and specific method to quantify the number of microorganisms in a sample 
(Haugland et al. 2005b, Shannon et al. 2007). The detection of low numbers of 
microorganisms has been reported and in a recent study as few as 9 bacterial cells were 
detected in a single sample (Ferrario et al. 2012). Also, assuming that only active cells 
possess the RNA responsible for cell signaling, their viability can be determined by 
amplifying RNA, in particular messenger RNA (mRNA), using reverse transcription PCR 
(RT-PCR). This technique has been used previously to quantify numbers of 
microorganisms in environmental waters (Rasanen et al. 2013, O'Connell et al. 2006, 
Fuhrman, Liang, and Noble 2005, Botes, de Kwaadsteniet, and Cloete 2013, Behets, 
Declerck, Delaedt, Verelst, et al. 2007, Behets, Declerck, Delaedt, Creemers, et al. 2007). 
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Another use of PCR has been to create profiles of microbial communities to aid in 
identification, enumeration and to determine organism viability (Tian et al. 2014, Kwon et al. 
2011). Microorganism community profiling techniques, such as terminal-restriction fragment 
length polymorphism (T-RFLP) (Tiquia 2010) and denaturing gel gradient electrophoresis 
(DGGE) (Muyzer, de Waal, and Uitterlinden 1993), have been used to separate PCR products 
or fragments and, depending on the size or genetic sequence, these are matched using 
computer databases to provide information on the microorganisms present.  More specifically 
next generation sequencing tools such as pyrosequencing have been  used  for detecting 
environmental pathogens by characterising and quantifying 16S rRNA gene sequences 
and, through the assistance of computer-based bioinformatics analysis, provide an over-
view of the microbial community structure (Aw and Rose 2012, Lauber et al. 2009). 
This relatively new technology has already been applied in a variety of fields. 
Pyrosequencing has been used to identify differences in bacterial community structures in 
different soil types (Roesch et al. 2009, Lauber et al. 2009), identify differences in human 
intestinal and oral microorganism communities (Keijser et al. 2008) and has also been 
used to characterise populations of bacteria in environmental waters (Vila-Costa et al. 
2012). The identification of potentially harmful pathogens in a bacterial community isolated 
from a ‘protective’ membrane filter used in water treatment was also achieved by 
pyrosequencing analysis (Kwon et al. 2011). Gene- based amplification and profiling 
techniques provide information on microbial communities in a more accurate and time-
efficient process compared to traditional cultivation methods (Aw and Rose 2012). 
 
1.4.4. Limitations of Nucleic acid amplification 
 
Despite the advantages, PCR assays are limited by some factors that have, to date, prevented 
their use in routine environmental monitoring. False positives have been reported due to the 
amplification of DNA from dead cells or extracellular DNA in water (Josephson, Gerba, 
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and Pepper 1993). Also, PCR false negatives have been reported because of the presence of 
inhibitors such as fulvic, humic and tannic acid, divalent cations, or salts that inhibit 
amplification (Ijzerman, Dahling, and Fout 1997, Toze 1999). Furthermore, PCR inhibition 
has been compounded by conventional sample preparation methods which tend to co-
concentrate inhibitors (USEPA 2008). Several methods to reduce PCR inhibition have been 
described although a universal solution has not yet been developed (Olsvik et al. 1994, 
Thompson et al. 2006, Ijzerman, Dahling, and Fout 1997, Flekna et al. 2007, Lantz et al. 
1996). Some studies recommend diluting the DNA or RNA extracted from environmental 
samples to reduce the concentration of inhibitors to levels that allow amplification to occur. 
This may not however be appropriate for all samples.  For example real time PCR using 
diluted DNA extracted from marine samples showed reduced detection and this was believed 
to be the result of inhibition (Hoshino and Inagaki 2012).  In other studies, PCR inhibition 
has been reduced using nucleic acid extraction methods specifically designed for 
environmental samples (Pontiroli et al. 2011, Rodriguez et al. 2012).  At this point it should 
also be noted that careful consideration must be made in designing PCR assays to detect 
pathogens in water.  If the assay was unable to differentiate between pathogenic and non-
pathogenic of the same microorganism, a positive result could trigger costly responses when 
in fact there may be little to no risk to public health. 
Another limitation of PCR has proven to be more difficult to overcome and one that is 
common to all rapid detection assays. It is the need for a fast and adequate sample 
enrichment technique, to increase low target numbers to detectable levels and to reduce 
samples to the small volumes required for rapid assays (Straub and Chandler 2003, Aw and 
Rose 2012). Sample volume reduction could be a faster alternative to cultivation for 
enriching the numbers of organisms to detectable levels. Several methods have been 
investigated to reduce sample volumes by separating or isolating microorganisms from water 
(Burgener, Candrian, and Gilgen 2003, Lemarchand et al. 2005, Toze 1999, Whitehouse and 
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Hottel 2007) and are discussed below. 
 
1.5 Sample volume reduction 
 
As stated above the development of a cost-effective, efficient sample preparation, pre- 
concentration or enrichment system remains the major challenge to the use of rapid detection 
assays in microbiological monitoring (Straub and Chandler 2003). The need to isolate 
microorganisms into the small volumes required for specific detection assays contributes 
significantly to the time and cost of the assay. Large volumes of environmental water must 
be analysed to establish whether there is a risk to public health because pathogens are usually 
present at low concentrations (Straub and Chandler 2003). Efficient sample volume 
reduction has been achieved by a number of membrane filtration and centrifugation methods 
(USEPA 2008). However, the co-concentration of assay inhibitors and the presence of 
particulate matter in natural waters has created problems for these techniques (Kuhn, Rock, 
and Oshima 2002, Ijzerman, Dahling, and Fout 1997). Investigations into more specialised 
filtration and centrifugation methods have been undertaken to reduce some of the 
limitations and several appear promising, although secondary concentration of water 
samples was still required to obtain the low volumes required for use in detection assays 
(Hill et al. 2007, Hill et al. 2005, Hill et al. 2009, Morales-Morales et al. 2003, Fong and 
Lipp 2005). Alternatively, microorganisms can be isolated from water using immunological 
or biological affinities or by physicochemical adsorption (USEPA 2008). The merits and 
limitations of the main waterborne microorganism isolation methods have been reviewed.  
 
1.5.1 Membrane filtration 
 
Membrane filtration was developed more than 30 years ago and has since been used to 
separate microorganisms from large volumes of water (Block and Rolland 1979, Gerba et al. 
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1978, Levin, Fischer, and Cabelli 1974, Sobsey et al. 1973). It is the most commonly applied 
method to separate microorganisms from water and several microorganism-specific methods 
have been endorsed by environmental protection agencies. Micro-porous cellulose ester 
membrane filtration is one method recommended to isolate bacteria from water (USEPA 
2002a, b) and specialised single-use membrane cartridges, such as the IDEXX Filta-Max® 
and the Pall Gelman Envirochek™ HV filters are recommended to isolate Cryptosporidium 
and Giardia from water (Rhodes et al. 2012). Virus isolation from water has been more 
difficult because of their extremely small size. As a result, single-use adsorption-elution 
membranes have been recommended (electropositive 1MDS or electronegative charged filters) 
(Fong and Lipp 2005, USEPA 2008).  Single-use filter cartridges can however be 
expensive and this may have limited their use in routine environmental monitoring so far. 
Membrane filtration is efficient in waters with low turbidity but despite much research, a 
cost-effective microfiltration method is still not commercially available for simultaneously 
isolating all three classes  of microorganisms; bacteria, virus and protozoa, from natural 
waters (Straub and Chandler 2003). Differences in pathogen size, surface characteristics, the 
types of environmental waters and the volumes required to assess the risk to public health 
have all posed significant hurdles to the development of a universal microfiltration system for 
use in environmental monitoring (Straub and Chandler 2003, Polaczyk, Roberts, and Hill 
2007). The development of a multiple-use filter membrane or cartridge system for 
simultaneously concentrating viruses, bacteria and protozoa from water could make 
microfiltration more cost-effective (Polaczyk, Roberts, and Hill 2007). 
Simultaneous concentration of multiple types of microorganisms has been achieved using 
various ultra-filtration membrane techniques such as vortex flow filtration, tangential flow 
filtration (TFF), hollow fibre TFF or hollow fibre dead-end filtration (Mull and Hill 2009, 
Straub and Chandler 2003, Polaczyk et al. 2008). Recently, a tangential flow hollow fibre 
ultrafiltration system was described as a viable alternative to the current filtration methods for 
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isolating Cryptosporidium and Giardia in water (Rhodes et al. 2012) and, this type of ultra- 
filtration system can potentially isolate viruses, bacteria and protozoa from large volumes of 
water (Hill et al. 2007, Hill et al. 2005, Morales-Morales et al. 2003, Skraber et al. 2009, 
Polaczyk et al. 2008). An advantage of this technology is the potential for multiple use of 
membranes due to the cross-flow movement of water which should prevent clogging at the 
membrane surface (Paul, Jiang, and Rose 1991, Olszewski, Winona, and Oshima 2005, Jiang 
et al. 1992). Furthermore, the recovery of spiked microorganisms using a hollow fibre TFF 
system was comparable to the standard microfiltration systems for viruses and protozoa (Hill 
et al. 2009).  There was however a trade-off between the flow-rate (time) and the final 
sample volume, but 100 litres was reduced to between 200 and 250 millilitres within 2 to 
2.5 hours (Polaczyk et al. 2008). The main problem according to the literature reviewed was 
that the final sample volume was still too high for use in rapid detection assays and 
secondary concentration methods were needed (Hill et al. 2007, Hill et al. 2005, Hill et al. 
2009, Polaczyk et al. 2008).  Furthermore, in water with elevated turbidity an additional 
pre-filtration step was required to prevent clogging and damage to the membranes, 
which added additional time and cost to the assay (Skraber et al. 2009, Zarlenga and 
Trout 2004).  
 
1.5.2 Centrifugation 
 
Unlike membrane filtration, factors such as turbidity do not interfere with the separation of 
microorganisms from water by centrifugation. The recovery of microorganisms by 
centrifugation can be high when appropriate purification techniques are also implemented 
(Kourenti et al. 2003). However, as a single-step method for separating microorganisms from 
water, conventional centrifugation or ultra-centrifugation methods are unsuited for the large 
volumes of environmental waters that need to be analysed (Zarlenga and Trout 2004). 
An alternative is continuous flow centrifugation (CFC), which utilises a series of channels to 
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separate organisms based on particle-density exclusion, and so larger volumes of water can 
be analysed. This technique has been used to separate high numbers of bacteria and 
protozoa from large volumes of various water types (Borchardt and Spencer 2002, 
Zuckerman and Tzipori 2006, Hoffman et al. 2007). Consistent performance in surface, 
ground and tap water prompted the US EPA National Centre for Environmental Research to 
conduct further research into an automated CFC system. Combined with a charged membrane 
filter for virus separation, CFC was used to simultaneously isolate and separate bacteria, 
viruses and protozoa into a 150 ml final concentrate (Hsu 2006). This was comparable to 
the volumes achieved using TFF (Hoffman et al. 2007) but would still require secondary 
concentration to obtain the 1-2 ml sample volumes needed for use in rapid-detection assays. 
 
1.5.3 Affinity capture 
 
Another option for separation is affinity capture. Immuno-capture methods such as immuno- 
magnetic separation have revolutionised the isolation and purification of microorganisms 
from complex matrices (Hill et al. 2009, Lee and Deininger 2004, Madonna et al. 2001, 
Broadaway, Barton, and Pyle 2003, USEPA 2005, Rotariu et al. 2005, Yakub and 
Stadterman-Knauer 2000, Myrmel, Rimstad, and Wasteson 2000, Schwab, De Leon, and 
Sobsey 1996, Lund, Hellemann, and Vartdal 1988, Safarik, Safarikova, and Forsythe 1995). 
Immuno-capture makes use of the specific binding affinity between an antibody and antigen 
and the technique is particularly useful for secondary concentration and purification in small 
volumes (USEPA 2005). In other studies, immuno-capture was described for the primary 
concentration of microorganisms and indicated that the technique could isolate low numbers 
of bacteria in 30 millilitres of recreational and waste-water (Bushon et al. 2009, Bushon, 
Likirdopulos, and Brady 2009a). 
However immuno-capture methods are limited by the need for monoclonal antibodies. 
Conventional monoclonal antibody production is expensive and animal ethics regarding the 
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use of mammalian systems to produce these antibodies has raised concerns by animal 
welfare groups (NHMRC 2008). Consequently, other capture molecules have been 
investigated including lectins or carbohydrates (Bundy and Fenselau 2001, Bundy and 
Fenselau 1999, Afonso and Fenselau 2003, Patchett, Kelly, and Kroll 1991, Payne et al. 
1992), antimicrobial peptides (Lin et al. 2005, Kulagina et al. 2005, Gregory and Mello 
2005), gangliosides (Desai, Walsh, and Weimer 2008), extracellular matrix proteins (Tomita 
and Ike 2004), glycoconjugates (Hatch et al. 2008) and small outer-membrane targeting 
ligands (Mason et al. 2003, Peskoller, Niessner, and Seidel 2009). According to the 
literature, sensitivity and specificity of each of these capture molecules has been variable 
especially in environmental samples. Another option has been to use bacterial expression 
systems to produce recombinant capture-antibodies such as the production of functional 
recombinant antibody fragments (RAF) (Molloy et al. 1995, Koo, Foegeding, and Swaisgood 
1998, Pini et al. 1997). In one example, Molloy et al., (1995) demonstrated that an affinity 
column containing RAFs successfully isolated target bacteria and that the efficiency of 
capture was similar to that of IMS using whole antibodies. 
Recombinant-protein technology has also been used to synthesize other types of highly- 
specific capture molecules. An interesting example made use of the extreme specificity 
between bacteriophages and their bacteria host. The cell wall binding domain (CWBD) of 
the bacteriophage endolysin protein governs the specific recognition and binding to bacterial 
cell wall carbohydrates (Loessner 2005, Loessner et al. 2002). Using this principle, Kretzer 
et al., (2007) produced a truncated Listeria endolysin C-terminal recombinant protein that 
excluded the lytic domain of the endolysin protein. When attached to magnetic beads, the 
recombinant CWBD protein was able to selectively isolate viable Listeria cells from complex 
food matrices and was also shown to have a similar specificity to monoclonal antibodies 
(Kretzer et al. 2007). The specificity for isolating waterborne microorganisms using 
recombinant CWBD proteins has not yet been investigated. Recombinant technologies and 
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advances in proteomics provide endless possibilities for large-scale production of capture 
proteins to capture or isolate specific pathogens. 
 
1.5.4 Physiochemical adsorption 
 
As mentioned previously, in some situations it may be preferable to simultaneously isolate 
multiple microorganisms. This could be difficult using affinity capture methods due to the 
need for multiple capture molecules. Alternatively, microorganisms naturally bind to 
substrates via physiochemical interactions and, the non-specific nature of binding could mean 
that single-step isolation of multiple microorganisms from water is possible. In physical 
terms, microorganisms are colloidal particles and their adsorption is explained by the electric 
double layer (DLVO) theory (Derjaguin and Landau 1941, Verwey and Overbeek 1948). 
The DLVO theory involves the attractive van der Waals forces (acting over very short 
distances) and repulsive electric double layer forces (acting over longer distances) as particles 
become proximal via Brownian motion (van Loosdrecht et al. 1987a). In the absence or 
reduction of repulsive forces, particles are permitted to approach one another and adsorption 
can occur via strong and irreversible van der Waals forces (van Loosdrecht et al. 1987a). The 
thickness of the electric double layer around each particle determines the strength of 
repulsion and is determined by the surface charge or zeta potential of an organism or particle 
in a solution. 
Deviations from the DLVO theory have been reported for microorganism adsorption and 
were explained by mechanisms such as hydrophobic or acid-base interactions (Salerno, 
Logan, and Velegol 2004). Hydrophobicity was shown to be important in the adsorption of 
several bacteria to substrates (Stenstrom 1989, Hwang et al. 2010) and was believed to be the 
major force governing adhesion of Giardia cysts to solid surfaces (Dai et al. 2004). The 
extended DLVO theory includes hydrophobic or acid-base interactions and was described as 
a better model for predicting the adhesion of microorganisms to solids (Hwang et al. 2010, 
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Farahat et al. 2009, Katsikogianni and Missirlis 2009).  However, the roughness or 
topography of the adsorbent surface also needed to be considered. The presence of microbial 
sized caves and valleys on solid surfaces can further enhance the adhesion of microorganisms 
and have been used to explain deviations from the DLVO and extended DLVO theories, 
which assume a smooth spherical state (Jacobs et al. 2007). 
Irrespective of the forces involved a strong physicochemical affinity for microorganisms and 
various natural or synthetic materials exists (Lower 2005, Jacobs et al. 2007, Kubota et al. 
2008, Stenstrom 1989, Jiang et al. 2007, Searcy et al. 2005, You et al. 2005, You et al. 2003, 
Jin et al. 2007, Characklis et al. 2005). As a result natural minerals have been used in 
primary contaminant removal in conventional water purification systems (Jothikumar et al. 
1995, Farrah et al. 1991, Busscher et al. 2006, Kubota et al. 2008) and in water-treatment 
processes for the past 100 years or more (Wallis and Melnick 1967, Tobin, Smith, and 
Lindsay 1981, Culp, Metzler, and Ritter 1956, Stevik et al. 2004). 
Much research has focused on different types of minerals and potential modifications to 
improve the binding of microorganisms to them. Clays have been studied rather extensively 
due to their high adsorption capacities.  The main issue with clays to remove microorganisms 
is that they and most microorganisms in the environment possess a negative surface charge 
(Jin et al. 2007, Redman et al. 2001, van Loosdrecht et al. 1987a). Therefore, repulsive 
electric forces tend to prevent adsorption between them. Adsorption in solutions with low 
ionic strengths, expected in drinking and recreational fresh waters, would mean that high 
repulsive forces and low attractive forces would not favour the sorption of microorganisms to 
negatively charged minerals. Several studies describe the ability to overcome this problem 
by suppressing repulsive forces by altering the ionic strength and pH of a solution (You et al. 
2003, Dai et al. 2004, Kubota et al. 2008, Jothikumar et al. 1992). At higher ionic strengths 
electric double layer surrounding a particle is compressed, decreasing electrostatic repulsive 
forces (Figure 1) (Wheeler et al. 1983).  Van der Waal’s forces increase with increasing ionic 
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strength and therefore two particles of like charge are more likely to come in contact and bind 
strongly under these conditions. 
 
Figure 1: A diagrammatic representation of the double electric layer (DLVO) theory 
with increasing ionic strength. Source: Wheeler et al., (1983). 
 
The rate of adsorption between microorganisms and natural minerals can also be improved by 
using positively charged capture media such as metal hydroxide coated sands (Truesdail et al. 
1998, Farrah et al. 1988, Farrah et al. 1991), positively charged activated carbon (Busscher et 
al. 2006, Deng et al. 2008), layered double hydroxide nano-composites (Jin et al. 2007, You 
et al. 2003) or cationic surfactant or quaternary ammonium chloride modified minerals (van 
der Mei et al. 2008, Abbaszadegan et al. 2006, Schulze-Makuch et al. 2003, Schulze-Makuch 
et al. 2002, Hrenovic et al. 2008). Modification of surface properties can influence the zeta 
potential of natural minerals and change the negative surface charge to positive, making them 
more favourable for microorganism adsorption. 
Physicochemical adsorption has generally been characterised using adsorption isotherm 
models (Kinniburgh 1986, Foo and Hameed 2011). Adsorption is determined by the 
concentration of the adsorbate that has been removed from a liquid matrix and is expressed 
against the amount of adsorbent used. Various linear or non-linear regression methods can be 
used to evaluate consistency with published isotherm models, the most common of which are 
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the Langmuir and the Freundlich linear models (Kinniburgh 1986). Consistency with the 
Langmuir isotherm model suggests monolayer adsorption occurs on the surface of the 
adsorbent because of a finite number of binding sites and, consistency with the Freundlich 
isotherm model can indicate multilayer adsorption on the surface of the adsorbent because of 
surface heterogeneity (Foo and Hameed 2010). Some studies indicate that sorption of bacteria 
on carbon nanotubes (Deng et al. 2008) and on layered double hydroxides (Jin et al. 2007), 
follows the Freundlich adsorption model although others describe consistency with the 
Langmuir adsorption model (Jiang et al. 2007) and therefore both models should be 
considered. The ‘parameters’ determined by linear isotherm models can be used to compare 
the affinity and maximum binding potential of different adsorbents. The Freundlich 
equilibrium constant indicates the affinity of the adsorbent towards the adsorbate and a higher 
value indicates a greater affinity (Upadhyayula et al. 2008). The Langmuir adsorption 
maximum estimates the adsorption capacity of an adsorbent (Jin et al. 2007, Deng et al. 2008) 
and can be used to select the most efficient type of adsorbent for specific application. 
 
1.6 Natural zeolitized tuffs 
 
One type adsorbent receiving much interest regarding their use in a range of environmental 
and agricultural applications is natural zeolitized tuffs (Bowman 2003, de Gennaro et al. 
2014, Misaelides 2011). Zeolitized tuffs are porous aluminoslicate minerals with a regular 
internal crystalline channel structure ranging in size from 3 to 10 Angstroms.  The porous 
nature of zeolitized tuffs enables ion exchange and molecular sieve action to occur, with the 
size of the pores governing the movement of molecules through the channels (Inglezakis and 
Zorpas, 2012). The sorption potentials of these minerals are high because of a large surface 
area to volume ratio around 20-200 m
2
/g which, combined with high cation exchange 
properties, enables them to bind high concentrations of a range of cations (Bowman 2003, 
Inglezakis and Zorpas, 2012). Their intricate structure includes both an internal and external 
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cation exchange capacity. Small ions are exchangeable with cations present in the internal 
NZ pore spaces and larger molecules are exchangeable with cations on the external surface. 
Unlike other clays, natural zeolitized tuff can be milled into grain sizes ranging from less 
than one millimetre to more than five millimetres, enabling their use in a multitude of 
agricultural and waste-water applications (Guo et al. 2008, Haggerty and Bowman 1994, 
Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002, Wang, Li, and Xu 2006, Wang et 
al. 2006). Mining of natural zeolitized tuff is estimated to cost between 50 and 300 US$ 
per ton, making them a cost-effective sorption media for industrial-scale applications 
(Armbruster 2001). 
 
1.6.1 Uses of Zeolites 
 
As mentioned above, natural zeolitized tuffs (NZ’s) have a multitude of uses that have been 
summarized previously (Armbruster 2001, Foo and Hameed 2011, Misaelides 2011). The 
following provides a brief summary of uses for NZ’s in environmental monitoring and 
remediation applications. Due to their affinity for cations, NZs have been successfully used 
to remove high concentrations of heavy metals (Panayotova and Velikov 2002, Stylianou et 
al. 2007, Doula 2007, Doula and Dimirkou 2008, Dimirkou 2007), ammonia (Wang et al. 
2006, Ji, Yuan, and Li 2007, Guo et al. 2008) and cationic dyes (Wang and Zhu 2006, Wang, 
Li, and Xu 2006) in waste-water treatment processes. A role as bio- carriers for 
microorganisms in bioreactor waste-water treatment systems has also been demonstrated. 
Studies showed that various microorganisms readily adhered and formed biofilms on NZ 
surfaces (Montalvo et al. 2012, Kubota et al. 2008, Hrenovic et al. 2011, Fernandez et al. 
2007) and because the NZs adsorb high amounts of essential nutrients from the 
surrounding environment, they sustained large functional bacterial communities 
(Fernandez et al. 2007). 
It was in these bioreactor studies that a selectively towards certain types of microorganisms 
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was identified. For example in one study the NZ’s tested were shown to immobilise 
families from Methanosaeta and Methanosarcinaceae with a greater affinity than sulphate- 
reducing bacteria (Fernandez et al. 2007). In another study, Acinetobacter junii was 
preferentially immobilised onto NZs compared to Escherichia coli and Enterococcus 
faecalis present in wastewater (Hrenovic et al. 2011). Adsorption selectivity for certain 
types of bacteria was not surprising because NZs are heterogenic in surface structure and 
selectivity for cations has been well documented (Armbruster 2001). With the objective to 
separate different types of bacteria in liquid matrices, Kubota et al. (2008) further confirmed 
the selective affinity for microorganisms by a range of natural and synthesized zeolites. 
Of the ten species of gram-positive bacteria tested, eight were found to adsorb to most of 
the zeolites investigated. However, all five of the gram-negative bacteria tested showed 
no adsorption affinity towards nine of the eleven zeolites investigated (Kubota et al. 2008). 
From this study it appears that certain types of zeolites could be used as a simple and rapid 
method to selectively isolate and concentrate microorganisms from liquid suspensions. The 
authors also suggested that zeolite-separation could be used as a concentration method for 
rapid PCR or antibody-based detection assays (Kubota et al. 2008), but no information was 
found in the literature on molecular detection and quantification of bacteria isolated by 
zeolites. 
 
1.6.2 Surface-Modified zeolites 
 
The ability of NZs to adsorb cationic contaminants and to isolate some types of 
microorganisms is clear, as described above.  However, there have also been numerous studies 
investigating a range of modifications to zeolite surfaces to enhance the removal of 
microorganisms from wastewater (Armbruster 2001). For example, modification with heavy 
metals has made some NZs toxic to microorganisms and enhanced the inactivation of 
bacterial populations in wastewater treatment processes (Hrenovic et al. 2012). Other studies 
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used chemical-modification procedures to create a positive charge on the surface of zeolites. 
Positively charged NZs were used to remove anionic contaminants in water including 
arsenate (Sullivan, Bowman, and Legiec 2003, Elizalde-Gonzalez, Mattusch, and Wennrich 
2001), chromate (Haggerty and Bowman 1994, Wu et al. 2008), fluorine (Onyango et al. 
2004), phenol and 4-chlorophenol (Kuleyin 2007) and perchloroethylene (Zhang et al. 2002). 
The main method described to create a positive surface charge on NZs is by chemical-
modification using a high molecular weight cationic quaternary amine, such as 
hexadecyltrimethylammonium chloride (HDTMA-Cl). This method reverses or reduces the 
electronegative repulsive forces and thereby enhances the anionic adsorption capacity of 
NZ’s (Sullivan, Carey, and Bowman 1998, Bowman 2003). Modification takes place when 
cationic surfactant head-groups bind to the negative charge on zeolite surfaces, which is 
followed by a tail-tail admicelle arrangement to form a hydrophobic bilayer (Figure 2) 
(Bowman 2003). Depending on whether the surfactant loading is below or above the critical 
micelle concentration of the surfactant, a full or partial bi-layer coats the NZ surface (Li 
1999, Li et al. 1998). Applied as a porous fluidised filter-bed, surfactant-modified zeolites 
(SMZ) removed 99% of bacteria and viruses from a simulated drinking water well system 
(Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). Another use of SMZ has been to 
immobilise phosphate-accumulating bacteria in activated sludge to enhance phosphorous 
removal in waste-waters (Hrenovic et al. 2008).  However, the NZ preparations with a bi- 
layer or patchy bi-layer coverage of HDTMA exhibited significant bactericidal properties 
(Hrenovic et al. 2008). Antimicrobial properties of SMZ have also been reported against 
Escherichia coli, Klebsiella terriena, MS2 and PRD-1 bacteriophages, Chlorella vulgaris and 
Cryptosporidium parvum oocysts (Abbaszadegan et al. 2006). Other studies suggest that 
unbound HDTMA is a strong antimicrobial agent, although once stably bound to soils or 
zeolites, the antimicrobial properties are greatly reduced (Li et al. 1998, Nye, Guerin, and 
Boyd 1994). Nonetheless the configuration of HDTMA adsorption, including surfactant 
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coverage and binding stability, appears important to the adsorption mechanics of SMZ and to 
the viability of microorganisms (Bowman 2003, Li et al. 1998, Hrenovic et al. 2008). 
 
 
 
 
Figure 2: 
Schematic representation of admicelle or bilayer formation by cationic surfactants on 
the surface of zeolites (Bowman 2003). 
 
Determining the viability of microorganisms is important when the potential public health 
risk of microbial disease needs to be established (Straub and Chandler 2003, USEPA 2008) 
and could be problematic using the surfactant modification described above. Other types of 
surface modifications should be investigated. For example, live bacteria have been 
chemically tethered to solid surfaces that were modified with aminopropyl silane (Bearinger 
et al. 2009).  Amine- and carboxylic acid-based reactions were believed to be responsible for 
binding living bacteria (Bearinger et al. 2009). In another study, surface modification with 3- 
aminopropyl-dimethoxymethyl silane (APDEMS) was also shown to enhance the adsorption 
of microorganisms to glass surfaces (Katsikogianni and Missirlis 2010).  Studies investigating 
silane modification of synthesised zeolites have also been published and indicated that the 
amino-functionalisation occurred at the entrance of the zeolite pores and the large surface area 
and ion exchange properties of zeolites were retained (Huber and Calzaferri 2004, Popovic et 
al. 2007). Furthermore (Popovic et al. 2007) attached living E. coli cells to amino-
37  
functionalised synthetic zeolites and the method was described as a novel way to 
investigate living bacterial systems and biofilm formation. Separation and concentration of 
viable microorganisms on silanised natural zeolitized tuff should therefore be compatible 
with conventional culture-based detection assays. However, no further information was 
found in the literature on the isolation and detection of microorganisms adsorbed by natural 
zeolitized tuffs modified with amino-silanes. 
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1.7 Specific Aims 
 
The purpose of this research was to characterise sorption of waterborne indicator bacteria and 
virus by Australian Escott natural zeolitized tuff (NZ)  and to determine whether 
microorganisms could be detected on zeolites following sorption. The NZ was applied either 
in the natural state, with a bacteria-specific capture protein adsorbed to the surface or after 
two different types of chemical surface-modification. This particular type of NZ has not 
previously been evaluated for isolating microorganisms from water. The organisms used 
were Escherichia coli, a gram-negative faecal coliform bacteria, Enterococcus faecalis, a 
gram- positive faecal bacteria, and MS2 bacteriophage, a hydrophilic RNA phage 
recommended as a surrogate (indicator) for enteric viruses in water. The specific aims were as 
follows: 
 
1. Characterise the sorption affinity between NZ and E. coli, E. faecalis and MS2 
bacteriophage in water and determine the effect of water chemistry on those affinities. 
 
2. Evaluate NZs chemically modified with HDTMA- Cl or (3-Aminopropyl) 
triethoxysilane (APTES) for the ability to isolate E. coli, E. faecalis and MS2 bacteriophage 
from water and for suitability with culture and molecular detection assays. 
 
3. Produce and attach a recombinant PlyV12 endolysin affinity-capture protein to the 
NZs and use these NZs to specifically isolate E. faecalis from liquid matrices. 
 
4. Evaluate the selectivity of NZs and modified NZs to isolate bacteria from 
environmental waters using microbiological assays and a pyrosequencing assay. 
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Chapter 2 - General Materials and Methods 
 
2.1 Escott Natural zeolitized tuff 
 
Australian Escott natural zeolitized tuff (NZ) was used in this study (donated by Zeolite 
Australia Pty Ltd) and contained predominantly Ca-clinoptilolite (53%), with smaller 
amounts of quartz (30%), mordenite (5%), albite (6%) and sanidine (4%) according to XRD 
analysis (Flood and Taylor, 1991). The chemical composition is provided in Table 3. The 
cation exchange capacity (CEC) has been estimated at > 120 meq per 100 g, determined by 
cations released during NH4
+ exchange 
(http://www.zeolite.com.au/products/technicalspecs.pdf). The exchangeable cations are Na, K, 
Ca and Mg in the following ration 3:1:21:5 respectively. Raw (unsterilized) zeolite powder 
with a grain size of < 75 µm was used because it formed a suspension in aqueous solution 
with minimal agitation and readily separated when agitation stopped. 
Table 3: Major elements in Escott Zeolites determined 
by XRF analysis. 
(http://www.zeolite.com.au/products/technicalspecs.pdf) 
 
 
 
Note: LOI refers to the ‘Loss on Ignition’ to indicate the amount 
of volatile compounds or oxidation by XRF. 
 
 
Major Element 
 
Composition (%) 
SiO2 
TiO2 
AlO3 
Fe2O3 
MnO 
MgO 
CaO 
Na2O 
K2O 
P2O5  
SO3  
 LOI 
68.26 
0.23 
12.99 
1.37 
0.06 
0.83 
2.09 
0.64 
4.11 
0.06 
0.00 
8.87 
Total 99.51 
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2.2 Microorganisms 
2.2.1 Indicator Bacteria 
 
Escherichia coli are gram negative bacilli approximately 0.5 x 2 µm in size.  They are motile 
with movement controlled by several helical flagella (Berg, 2004).  The strain used in the 
present study was E. coli ATCC 11775 (BioBall™, BTF Pty Limited, Australia).  Growth of 
E. coli was achieved in 2YT media (16 g tryptone; 10 g yeast extract; 5 g NaCl, 1 L dH2O) 
(Sambrook, Fritsch, and Maniatis 1989) overnight at 37°C and colony forming units were 
enumerated on MacConkey (MAC) agar plates (DIFCO, Australia) using the dilution plate 
count method. Briefly, 1 ml volumes from overnight cultures of E. coli were centrifuged 
at 10,000 g for 2 minutes in 1.5 ml microcentrifuge tubes. The pellet was washed three 
times in 1 ml of phosphate buffered saline (PBS), resuspended in a further 1 ml of PBS, 
vortexed and 10-fold serial dilutions in PBS were plated on MAC and incubated overnight 
at 37°C. Colony counts from 3 x 20µl aliquots were used to determine the concentration 
(cfu/ml) of E. coli in overnight cultures by the following equation: 
 
E. coli (cfu/ml) = (number of colonies in 60 µl / 60) x 1000 x dilution factor 
 
Enterococcus faecalis are gram positive cocci.  They are typically non-motile and range 
between 0.5 and 1 µm in diameter (Lebaron et al 2015).  The strain used in the present study 
was E. faecalis ATCC 29212 (BioBall™, BTF Pty Limited, Australia) and was grown 
overnight in 2YT media at 37°C and enumerated on Enterococcus agar (ENT) (Amyl 
Media Pty Limited), also using the dilution plate count method. Bacteria numbers in 
overnight cultures were determined as for E. coli using 10-fold serial dilutions in PBS. 
 
2.2.2 MS2 Bacteriophage 
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MS2 bacteriophage (108 pfu) (ATCC 15597-B1; obtained from Australian Laboratory 
Services) was inoculated into 200 ml of tryptone yeast extract glucose broth (TYGB) (10 g 
tryptone; 1 g yeast extract; 8 g NaCl, 1 L dH2O with 10 mg/L Kanamycin and 50 mg/L 
Nalidixic acid) (Sambrook, Fritsch, and Maniatis 1989), containing the bacterial host strain 
WG49 Salmonella typhi (S. Typhi) (ATCC, obtained from Australian Laboratory Services) at 
log phase growth. The culture was incubated for 3 hours at 37◦C and the supernatant 
containing MS2 bacteriophage was harvested by centrifugation at 9,000 g for 30 minutes at 
4°C. A 0.22µm syringe filter (Millipore, Australia), was used to remove bacterial cell debris. 
The stock concentration was determined by plaque assay using the double agar layer 
procedure described in USEPA Method 1602 (USEPA 2001a), however TYGB media and 
agar with 20mg/L Kanamycin and 100 mg/L Nalidixic acid was used instead of tryptic soy 
broth. Stocks of MS2 at 1010 pfu/ml were diluted in culture media to 108 and 104 pfu/ml 
and were stored as stock concentrations at 4 °C prior to use.  
 
2.3 Batch Adsorption Studies 
 
Batch adsorption was performed in 1 ml solution volumes containing 10 mg of zeolites. 
Small sample volumes were used in this study to maximise the feasibility of replicates and 
minimise the time associated with processing samples for this preliminary investigation. 
Suspensions were seeded with 10 µl of a 10-4 dilution (in PBS) of E. coli or E. faecalis from 
overnight culture, or 10 µl of a 1.2 x 104 pfu/ml MS2 stock suspension, and were agitated at 
400 rotations per minute (rpm) for 10 minutes at room temperature on a flat-bed orbital 
shaker.  The simplicity of this experimental design is shown in Figure 3. 
Zeolites were simply separated from the liquid matrix by sedimentation over one minute and 
the liquid matrix was removed for microbiological analysis. The number of microorganisms 
remaining in the liquid matrix was determined by growth on agar or by plaque assay using 
the respective culture-based methods described above (Section 2.2). 
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Figure 3: Batch adsorption by agitating NZ-microorganism suspensions for 10 mins at 
room temp., followed by sedimentation of NZ’s over 1 minute. Microorganism numbers 
remaining in the liquid matrix and detected on the zeolites were determined by 
standard culture-based assays or by amplification of DNA or RNA extracted from the 
NZ’s. 
 
 
The percentage of microorganisms that were removed from the liquid matrix by the zeolites 
(% removal) was calculated by: 
% removal = 100 - % remaining in the liquid 
For some experiments, after the NZ’s were separated from the liquid matrix, they were used to 
confirm attachment of microorganisms. This was done by resuspending the zeolites in 1 ml 
of PBS and culturing on agar (culture-based assay) or by freezing the zeolites for subsequent 
DNA or RNA extraction and PCR (molecular-based assay described below in section 2.4). 
To evaluate attachment and viability, the percentage of microorganisms that were detected on 
the NZ’s (% zeolites) was calculated by: 
 
% zeolites = number detected on zeolites X 100 
 
number seeded 
 
2.3.1 Physicochemical affinity 
 
Solution ionic conditions were modified by the addition of monovalent (NaCl or KCl; 
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SIGMA, Australia) or divalent (MgCl2 and CaCl2; SIGMA, Australia) cationic salts at 
concentrations from 20 mM to 600 mM in deionised water (dH2O). Experiments were 
performed in triplicate at each salt concentration and the number of organisms remaining in 
the liquid matrix after sedimentation of the NZ’s was determined as above. The percentage of 
microorganisms removed by the NZ’s in dH2O was compared with the percentage 
removed by the NZ’s in salt solutions at various ionic strengths (Student’s t-test). Solution 
ionic strength was plotted against the percentage of E. coli, E. faecalis and MS2 
bacteriophage removed by the zeolites. Removal of microorganisms by the NZ’s suspended 
in each of the four salt solutions was compared statistically (One-way ANOVA). The 
solution chemistry conditions at which the removal was greatest was identified for each 
microorganism and was hence-forth called the optimal suspension solution (the solution in 
which the ionic conditions were found to be the most favourable for attachment to zeolites) . 
In a separate experiment, the pH of the optimal suspension solution was adjusted to 3, 7 and 9 
using concentrated HCl or NaOH measured using an Activon™ pH/mV meter (Perth 
Scientific, Australia).  The effect of pH on the removal of microorganisms by the NZ’s was 
also compared statistically (One-way ANOVA). 
 
2.3.2 Adsorption Isotherms 
 
Adsorption isotherms were established for pure cultures of bacteria or virus. Ten microlitres 
of a 1 ml overnight bacterial culture, washed in PBS and 10-1, 10-2, 10-3 and 10-4 serial 
dilutions in PBS, or similar dilutions of MS2 stock, were added to optimal suspension 
solutions containing 10 mg/ml of the zeolite. Experiments were performed as above (Section 
2.3) although suspensions were agitated for one hour. The number of organisms remaining in 
suspension after one hour was termed the equilibrium concentration (Ce), given as cfu or 
pfu /ml for bacteria or virus respectively. Preliminary investigation revealed no further 
change in microbial numbers after one hour (data not shown). Adsorption (Ad) was 
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calculated using the following equation and was expressed as the number of organisms per 
gram of zeolites: 
 
Ad (cfu or pfu/gram) = (Cs x Vol) – (Ce x Vol) / zeolites (grams) 
 
 
Where: 
 
Cs: seeding concentration (cfu or pfu per millilitre) 
 
Ce: equilibrium concentration (cfu or pfu per millilitre)  
Vol: volume 
 
Adsorption isotherms were analysed using two common adsorption isotherm models. Data 
was transformed either using inverse (Langmuir isotherm model) or log10 (Freundlich 
isotherm model) transformations followed by linear regression analysis. The Langmuir 
adsorption isotherm ‘Qmax’ and ‘k’ constants were determined using the linear form of the 
Langmuir isotherm model: 
1/Ad (cfu or pfu/g) = 1/Qmax + 1/QmaxkCe 
Where: 
 
Qmax: is the estimated maximum number of binding sites  
k: is the Langmuir constant 
 
 
The Freundlich adsorption isotherm ‘K’ and ‘n’ constants were determined using the linear 
form of the Freundlich isotherm model: 
 
log Ad (cfu/g)  = log K + 1/n log Ce 
 
Where: 
 
K: Freundlich equilibrium constant indicating the adsorption affinity  
n: constant accounting for energy uniformity at the adsorbent surface 
 
The Langmuir and Freundlich parameters were compared for E. coli, E. faecalis and MS2 
bacteriophage adsorption to the NZs. 
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2.3.3 Effect of seeding density on removal 
 
To investigate the effect of higher numbers of microorganisms on the adsorption to the 
NZ’s, the removal of each microorganism was compared against the concentration seeded. 
The number of microorganisms removed was expressed as the log10 value to stabilise the 
variance associated with using high numbers of organisms. The log10 values were plotted 
against the number seeded. 
 
2.4 Molecular-based confirmation of microbial attachment 
 
2.4.1 Sample preparation and nucleic acid extraction 
 
Experiments were performed in triplicate with NZ’s (from batch studies seeded at 
approximately 1 x 10
4 
bacteria or virus particles/ml) washed once by centrifugation in PBS 
prior to DNA or RNA extraction. As a control a known number, determined previously by 
plaque assay (see Section 2.2), of microbial RNA for MS2 bacteriophage (approximately 1 x 
10
4
 cells) was extracted from the stock culture (n = 3). Bacterial DNA for E. coli and E. 
faecalis was extracted from 1 ml samples treated the same as samples in adsorption studies but 
without the NZ (n = 3). For these controls bacteria cells were separated from 1 ml suspensions 
by centrifugation prior to DNA extraction. Bacterial DNA was extracted using the 
PowerSoil™ DNA extraction Kit (Mo Bio Laboratories Inc, Australia), although 500 µl of 
buffer equilibrated phenol solution (Sigma-Aldrich, Australia) was added to the bead-beating 
tube at the initial step (following removal of 200 µl of the proprietary lysis solution). 
Subsequent steps were performed according to the manufacturer’s instructions. Viral RNA 
was extracted from MS2 suspensions or from the zeolites using the MagMAX™ Viral RNA 
Isolation kit (Ambion, Applied Biosystems, Australia) according to the manufacturer’s 
instructions. 
 
2.4.2 qPCR for E. coli and E. faecalis 
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Quantitative PCR (qPCR) was performed as previously described (Haugland et al. 2005, 
Huijsdens et al. 2002) in 20 µl reaction volumes containing 10 µl of 2 x concentrated IQ 
SYBR Green Supermix (Bio Rad, Australia); 2 µl of 2 µM forward primer; 2 µl of 2 µM 
reverse primer (See Table 4); 5 µl of a 1:10 dilution of DNA and 1 µl PCR grade H2O. 
Reactions were performed using a Rotor-Gene™ thermocycler (Corbett Research, 
Australia).  Thermal cycling conditions comprised an initial hold at 95 °C for 10 minutes, 
followed by 40 cycles of 95 °C for 20 seconds, 55 °C for 20 seconds, 72 °C for 30 seconds 
with fluorescence data collected during the extension step. Cycle threshold values were 
determined using Rotor-Gene™ 6 software and analysed by scatter plot and linear regression. 
A standard curve was constructed using 100-fold dilutions from 108 to 104 gene copies of 
DNA plasmid standards containing the E. coli or E. faecalis 16S target sequence. 
 
2.4.3 RT-qPCR for MS2 
 
Reverse transcription quantitative PCR (RT-qPCR) was performed as previously described 
(Hill et al. 2007) in 20 µl reactions containing 10 µl of 2 x concentrated SYBR Green RT-
PCR reaction mix (Bio Rad, Australia); 1 µl of 1 µM MS2 forward primer; 1 µl of 1 µM 
MS2 reverse primer (See Table 4); 0.4 µl iScript reverse transcriptase (Bio Rad, Australia); 
5 µl of RNA and 2.6 µl PCR grade H2O. Reactions were performed using a Rotor-Gene™ 
thermal cycler (Corbett Research, Australia). Thermal cycling conditions were an initial RT 
step at 50 °C for 10 minutes, 95 °C for 5 minutes, followed by 40 cycles of 95 °C for 10 s, 
50 °C for 30 s, 60 °C for 30 s. A standard curve was constructed using 100-fold serial 
dilutions of RNA extracted from 400µl of MS2 stock culture at 6.9 x 109 pfu/ml determined 
by culture-based assay. 
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Table 4: Genetic sequences of the primer pairs used for PCR assays for the detection of 
indicator microorganisms used in this study 
 
Target Primer 
 
Direction 
Primer Sequence (5´ to 3´) Amplicon 
 
size (bp) 
Reference 
 
E. coli 
 
Forward 
 
CATGCCGCGTGTATGAAGAA 
  
(Huijsdens et al. 2002) 
 
 
Reverse 
 
CGGGTAACGTCAATGAGCAAA 
 
95 
 
(Huijsdens et al. 2002) 
 
E. faecalis 
 
Forward 
 
AGAAATTCCAAACGAACTTG  
 
(Haugland et al. 2005a) 
 
 
Reverse 
 
CAGTGCTCTACCTCCATCATT 
 
106 
 
(Haugland et al. 2005a) 
 
MS2 
 
Forward 
 
TGCCATTTTTAATGTCTTTAG  
 
(Hill et al. 2007) 
 
 
Reverse 
 
TGGAATTCCGGCTACCTAC 
 
64 
 
(Hill et al. 2007) 
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Chapter 3 – Evaluation of natural zeolitized tuff to isolate bacteria 
and virus from water: effect of solution chemistry 
 
3.1 Summary 
 
Different solution chemistries were evaluated and under certain conditions were shown to 
enhance the adsorption affinity between natural zeolitized tuffs (NZs) and microorganisms. 
Natural zeolitized tuffs (10 milligrams at a ≤ 75 micron grain size) were agitated for 10 
minutes in one millilitre solutions containing E. coli, E faecalis or MS2 bacteriophage. After 
mixing, NZs were separated by sedimentation and the liquid suspensions were analysed 
to determine the percentage of microorganisms removed. Less than 10% of bacteria and 
virus were removed from deionised or buffered water by NZ.  Significant improvement 
was however achieved with the addition of cationic salts to liquid suspensions, increasing 
removal of E. coli to 49% (± 8) in 90 mM CaCl2 solutions.  This was presumably because of 
reduced electrostatic repulsive forces at increasing ionic strengths. Higher removals of E. 
faecalis (71% ± 19) and MS2 bacteriophage (84% ± 10) by NZ in 20 mM CaCl2 solutions 
were also observed although these did not improve with increasing ionic strength.  It was 
likely that specific binding interactions between NZ, cell wall glycoproteins of 
microorganisms and divalent cations played a part in improving removal of E faecalis or 
MS2 bacteriophage compared to removal of E. coli. Adsorption was consistent with the 
Freundlich adsorption isotherm model which suggested multilayer sorption on the uneven 
zeolite surfaces. There was however evidence that the sorption sites on NZ for E. faecalis 
and MS2 bacteriophage became saturated at concentrations of 106 to 107 microorganisms 
per gram of zeolites. Bacterial attachment to NZ was confirmed using standard 
microbiological assays, although MS2 bacteriophage attachment could not be confirmed by 
culture-based or qPCR assays.  It is possible that the phage was inactivated by lytic 
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processes that occurred after sorption or that RNA couldn’t be extracted from zeolites, 
preventing detection. Zeolite-isolation of virus from water may be verified using methods 
not employed here and could be the focus of further studies. Nonetheless, the separation 
of low numbers of microorganisms (102 to 103 cfu or pfu/ml) by NZ in the presence of 
divalent cations, and in particular Ca2+ could be useful in waterborne pathogen monitoring 
applications. 
 
3.2 Introduction 
 
When attempting to screen environmental samples for potentially pathogenic organisms, the 
low number of highly infectious microorganisms in water poses a major challenge to the 
preparation of samples for use in rapid small volume (<1 millilitre) detection assays (Aw and 
Rose 2012, Straub and Chandler 2003). Separation of the microorganisms from the water is 
the first step in reducing the sample volumes for use in such assays (Straub and Chandler 
2003). One method of separation is by the adsorption of microorganisms to suspended 
particles, which are more easily removed from the liquid matrices than microorganisms 
themselves. This has been achieved by the adsorption or attachment of microorganisms to 
various substrates, such as immuno-magnetic beads (Yoshitomi et al. 2012, Connelly et al. 
2008, Straub et al. 2005) or by physicochemical sorption to synthesised nanoparticles such as 
layered double hydroxides (LDH) and carbon nanotubes (Jin et al. 2007, Upadhyayula et al. 
2008). Physicochemical interactions occur naturally in liquid matrices and simultaneous 
isolation of multiple organisms can potentially be achieved using this method. More 
specifically, electrostatic and van der Waals forces are strong and fast-acting over short 
distances and were shown to enable the rapid separation of microorganisms from liquids 
using solid substrates. For example, Upadhyayula et al., (2009) showed that single-walled 
carbon nanotubes rapidly adsorb spores of Bacillus spp. in liquid matrices because of 
physicochemical attraction.  Advances in nanotechnology have seen nanoparticles such as 
50  
carbon nanotubes and LDH nanocomposites become increasingly studied in efforts to isolate 
microorganisms from liquid matrices (Brady-Estevez et al. 2010, Deng et al. 2008, Jin et al. 
2007, Upadhyayula et al. 2008). However, concerns have been raised regarding their toxicity 
and the associated environmental hazards due to their strong adsorption capacity and very 
small particle size (Bernhardt et al. 2010, Handy, Owen, and Valsami-Jones 2008). The use 
of micrometre-sized particles instead of nanoparticles, whilst they may be less efficient 
in adsorbing to microorganisms, may not have the same concerns regarding toxicity and 
environmental hazards. 
One source of micrometre-sized particles is the clay component of soils. Soil components are 
important in determining the transport and fate of enteric bacteria and viruses in the 
environment because of both physical sieving and physicochemical adsorption properties 
(Boutilier et al. 2009, Jiang et al. 2007, John and Rose 2005, Stevik et al. 2004). These 
properties have led to the extensive use of sand-based filters in water purification systems 
(Wotton 2002).  Sand filters remove high concentrations of particulate and ionic 
contaminants from the water that is pumped through them and this had included 
microorganisms (Hijnen et al. 2004). However, large quantities of sand are required to 
efficiently purify water, which is not practical as a method of separating microorganisms 
for subsequent detection assays. The use of small amounts of clay to adsorb to 
microorganisms via physicochemical interactions is feasible, but has been complicated by 
the electrostatic repulsive forces that reduce the adsorption of microorganisms to clays 
because of the negative surface charge that they both carry in the environment (Vasiliadou et 
al. 2011, Rong et al. 2010, Jiang et al. 2007). If the intensity of repulsion is strong then 
adsorption between particles is unlikely. However in one example Rong et al., (2010) 
suppressed the repulsive forces by increasing ionic strength and reducing the pH to below 
the isoelectric point of the clay, causing a significant increase in the adhesion of 
Pseudomonas putida to goethite. 
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Similar solution chemistries, in particular the presence of divalent cations, have also been 
shown to increase the adsorption of viruses (Brady-Estevez et al. 2010, Cao, Tsai, and Rusch 
2010, Gutierrez et al. 2009, Gutierrez et al. 2010, Pham, Mintz, and Nguyen 2009, Walshe et 
al. 2010), bacteria (Jiang et al. 2007, Kerchove and Elimelech 2008) and protozoan oocysts 
(Janjaroen et al. 2010) to natural minerals. Such enhancement of adsorption to natural 
minerals could prove useful as a cost-effective alternative to nanoparticles to isolate 
microorganisms from water. 
Natural zeolitized tuffs are aluminosilicate clay minerals that possess a high adsorptive 
capacity because of their large surface area to volume ratio and ion retention and exchange 
properties (Armbruster 2001, Bowman 2003, Haggerty and Bowman 1994, Misaelides 2011). 
This makes them an ideal adsorbent to remove cationic contaminants in waste-water 
treatment processes (Wang et al. 2006, Ji, Yuan, and Li 2007, Guo et al. 2008). In addition 
to a high affinity for removing cations, microorganisms have been shown to adsorb to 
zeolite surfaces and this has made zeolite a useful bio-carrier of biologically functional 
bacteria in waste-water treatment systems (Park, Lee, and Yoon 2002, Hrenovic et al. 2011, 
Fernandez et al. 2007). Some zeolites (natural and synthetic) have also been investigated 
as a tool to isolate microorganisms from water and it was shown that microbial cells were 
selectively adsorbed on their surface (Kubota et al. 2008). Selectivity of adsorption varied 
according to the chemical structure or type of synthetic zeolites as well as the 
physicochemical properties of the suspension, including the pH and ionic strength (Kubota et 
al. 2008). Natural zeolitized tuffs are considerably heterogeneous in chemical composition 
and structure compared to the synthetic zeolites and therefore may not have the same 
adsorption affinity or capacity as their synthetic counterparts (Armbruster 2001). They do 
however have the advantage of being cheap to mine and can easily be milled into 
required grain sizes (Misaelides 2011, Armbruster 2001).  Selecting an appropriate grain 
size would mean that the microorganisms adsorbed to the zeolites could potentially be 
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separated from liquid matrices by the simple process of sedimentation. Kubota et al., 
(2008) also proposed zeolite-separation as a method to isolate microorganisms for 
subsequent detection, although specific information on the detection of microorganisms 
‘captured’ by zeolites was not found in the literature. 
The aim of this work was to determine whether solution chemistry (ionic strength or pH) 
could be used to enhance adsorption between Escott natural zeolitized tuff and potentially 
pathogenic bacteria and virus in water. Adsorption was measured by the removal of bacteria 
and viruses from liquid suspensions by the zeolites and was investigated using batch 
adsorption techniques with low numbers (102 to 103 cells per millilitre) of E. coli, E. 
faecalis and MS2 bacteriophage over a range of solution chemistries. Adsorption 
isotherms were determined to characterise sorption and to allow comparisons to be made 
with other previously characterised adsorbents. The present study also aimed to determine 
whether microorganisms attached to the zeolites could be detected without the need for 
elution. This was tested by culturing the bacteria and virus from NZ using standard 
microbiological culture-based assays and by quantitative PCR analysis of the DNA or RNA 
extracted from zeolite. 
 
3.3 Materials and Methods 
 
The microorganisms and zeolites used and the batch adsorption methodology was performed 
as described in Chapter 2. The percentage removal of E.coli, E. faecalis and MS2 
bacteriophage by zeolites in salt solutions (CaCl2, MgCl2, KCl and NaCl) was evaluated at 
concentrations ranging from 0 to 600mM.  The effect of ionic strength and solution pH on 
removal was determined as described in Section 2.3.1 and adsorption isotherms were 
determined for microorganisms and zeolites in CaCl2 solutions as described in Section 2.3.2. 
Note that adsorption isotherms were only performed in 20 mM CaCl2 solutions for reasons 
evident below. 
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The viability of captured microorganisms was determined using the methods described in 
Section 2.3. Briefly, zeolites used in batch adsorption studies were resuspended in 1 ml of 
PBS and plated on MAC to detect E.coli, plated on ENT to detect E. faecalis, or plated 
according to USEPA Method 1602 to detect MS2 bacteriophage by plaque assay.  To verify 
attachment and to evaluate the potential use of zeolites for subsequent molecular detection, 
zeolites from batch studies (n=3) were frozen prior to DNA or RNA extraction and PCR 
was performed as described in section 2.4. 
Experimental treatments were performed in triplicate. Where possible percentage removals 
from other experiments involving the same treatment were combined with the triplicate results 
from this experiment. For example, the removal of bacteria by zeolites in water was evaluated 
on several occasions in different experiments and therefore n = 13 for E.coli and n = 18 for E. 
faecalis (Table 5). Similarly, for MS2 removal by zeolites in water n = 11 and for E. coli 
removal by zeolites in PBS n = 7.  
 
3.4 Results 
 
3.4.1 Batch adsorption studies 
 
Studies for sorption to NZ in dH2O or PBS showed that the removal of microorganisms 
by the zeolites was very low and that the majority of microorganisms remained in the 
liquid suspension (Table 5). Less than 10% of E. coli, E. faecalis and MS2 bacteriophage 
were removed from dH2O and less than 5% were removed from PBS. 
 
Table 5: The percentage of E. coli, E. faecalis and MS2 bacteriophage that were 
removed from deionised H2O or PBS liquid matrices by the NZ. 
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3.4.2 The effect of ionic strength (monovalent and divalent salts) 
 
The addition of cationic salts in dH2O increased the percentage of microorganisms removed 
from the liquid matrices by the zeolites (Figure 4). The effect of increasing the ionic strength 
on the percentage of microorganisms removed by the zeolites was variable and depended 
upon the type of organism and salt used (Figure 4). Escherichia coli removal by NZ 
increased with MgCl2 ionic strength (correlation coefficient; r = 0.71), with KCl ionic 
strength from 20 to 180 mM (correlation coefficient; r = 0.74) and with CaCl2 ionic strength 
from 20 to 90 mM (correlation coefficient; r = 0.89). Removal of E. coli by NZ appeared to 
be slightly better in CaCl2 and KCl solutions compared to NaCl and MgCl2 (Figure 4) 
although the difference was not significant (p = 0.097). The lowest ionic strength at which 
the most E. coli were removed was 90 mM and the percentage removed by NZ was 15% (± 
10), 36% (± 14), 27% (± 10) and 49% (± 8) in 90 mM NaCl, KCl, MgCl2 and CaCl2 solutions 
respectively (n = 3). Further investigations (altering pH and adsorption isotherm analysis) 
were conducted in 90 mM CaCl2 concentrations as this was deemed the optimal suspension 
solution or more favourable ionic conditions for sorption of E. coli by NZ. 
Removal of E. faecalis from monovalent salt solutions also increased with ionic strength 
(correlation coefficients of r = 0.44 and r = 0.64 for KCl and NaCl respectively), although 
more E. faecalis was removed by the zeolites when divalent compared to monovalent salts 
were added at low ionic strengths (20 to 90 mM) and the difference was significant (p = 
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0.0008). Interestingly, the removal of E. faecalis seemed to decrease in divalent salt 
concentrations >90 mM (correlation coefficients r = -0.30 and r = -0.42 for CaCl2 and MgCl2 
respectively) (Figure 4). The lowest ionic strength for maximum removal of E. faecalis by 
NZ was in 20 mM solutions and the percentage removed was 23% (± 18) (n = 3), 58% (± 9) 
(n = 3) and 71% (± 19) (n = 3) in KCl, MgCl2 and CaCl2 solutions respectively, but was less 
than 10% in NaCl solutions at this ionic strength. Removal seemed greatest in the presence 
of CaCl2 salts and a 20 mM CaCl2 solution was used in subsequent experiments for E. 
faecalis. 
 
 
56  
 
Figure 4: The percentage of microorganisms removed from the liquid matrices by the 
zeolites as a function of monovalent and divalent salt ionic strength (n = 3).  A) E. coli, 
B) E. faecalis and C) MS2 bacteriophage. 
 
Increasing the ionic strength of NaCl, KCl and MgCl2 salts also increased the percentage of 
MS2 bacteriophage removed by NZ (correlation coefficients r = 0.27, r = 0.60 and r = 0.89 
for NaCl, MgCl2 and KCl respectively) (Figure 4). However in CaCl2 salt solutions even at 
20mM, the percentage of bacteriophage removed by the zeolites was consistently greater than 
80% and was higher than in MgCl2 salt solutions at the same concentrations (p = 0.00001). 
The percentage of MS2 bacteriophage removed by NZ was significantly higher when divalent 
instead of monovalent cationic salts were used (p = 0.0001). Similar to E. faecalis, an ionic 
strength of 20 mM was the lowest salt concentration for optimal MS2 bacteriophage removal 
and the percentage removed was 84% (± 10) in CaCl2 and 44% (± 12) in MgCl2, compared to 
less than 10% in corresponding NaCl and KCl salt solutions. 
The percentage of microorganisms removed by NZ in salt solutions were grouped into low 
(20-40 mM), medium (90-180 mM) and high (350-600 mM) ionic strengths for statistical 
comparison (n = 6). Removal was compared to removal in dH2O to identify the lowest salt 
concentrations at which removal was enhanced. Removal was significantly higher in all salt 
solutions at ionic strengths ≥ 90 mM, except for MS2 bacteriophage in medium NaCl 
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solutions which was not different (Table 6). Low divalent cation ionic strength (CaCl2 or 
MgCl2) was sufficient to increase the removal of all microorganisms by NZ. Medium to 
high NaCl ionic strengths were needed to improve the removal of all microorganisms tested 
and medium KCl ionic strengths were needed to improve MS2 bacteriophage removal by 
zeolites (Table 6). 
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Table 6: The Percentage of E. coli, E. faecalis and MS2 bacteriophage removed by the 
natural zeolitized tuff in cationic salt solutions at various ionic strength. Percentages were 
compared to the percentage removed by the zeolites in dH2O (n = 6) 
 
 
Organism 
 
Ionic  strength 
 
% removed 
 
NaCl 
 
% removed 
 
KCl 
 
% removed 
 
CaCl2 
 
% removed 
 
MgCl2 
 
E. coli 
 
20-40 mM 
 
5 
 
26 *** 
 
22 *** 
 
23 *** 
  
90-180 mM 
 
26** 
 
43 *** 
 
44 *** 
 
30 *** 
  
350-600 mM 
 
23 *** 
 
40 *** 
 
41** 
 
40 *** 
 
E. faecalis 
 
20-40 mM 
 
6 
 
25** 
 
71 *** 
 
51 *** 
  
90-180 mM 
 
15* 
 
40*** 
 
46 *** 
 
46 *** 
  
350-600 mM 
 
28 *** 
 
47 *** 
 
40 *** 
 
26 *** 
 
MS2 
 
20-40 mM 
 
2 
 
2 
 
96 *** 
 
35 *** 
  
90-180 mM 
 
13 
 
17* 
 
93 *** 
 
64 *** 
  
350-600 mM 
 
19** 
 
59 *** 
 
94 *** 
 
69 *** 
Statistical significance based on * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test; Unpaired 
equal variance). 
 
 
3.4.3 Effect of solution pH 
 
Optimal suspension solutions (salt solutions with the lowest ionic concentrations at which 
removal was highest) were 20 mM CaCl2 for E. faecalis and MS2 bacteriophage and 90 mM 
for E.coli. Adjusting the pH of the optimal suspension solutions for each microorganism did 
not affect the percentage of E. faecalis and MS2 bacteriophage removed by NZ (p > 0.05) 
(Figure 5). The percentage of E. coli removed by the zeolites fluctuated between 25% and 
55% but was not correlated with pH (Figure 5). 
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Figure 5: The percentage of bacteria and virus (seeded at 102 cells per millilitre) 
removed by the zeolites as a function of the pH of optimal suspension (CaCl2) solutions 
(n = 10). A) E. coli, B) E. faecalis and C) MS2 bacteriophage. 
 
 
3.4.4 Adsorption isotherms in CaCl2 solutions 
 
Sorption by NZs showed a linear trend for E. coli, E. faecalis and MS2 bacteriophage in 
CaCl2 solutions at microbial concentrations ranging from 10
2 to 106 organisms per millilitre 
(Figure 6). As the number of microorganisms increased (at numbers below 10
6
) there was a 
concurrent increase in the number adsorbed by NZ. The depiction of the data in Figure 6 
suggested that a constant portion of microorganisms were removed by NZ at each seeding 
concentration. 
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Figure 6: Adsorption isotherms for natural zeolitized tuff (10mg) with E. coli, E. 
faecalis and MS2 bacteriophage in optimal suspension solutions as a function of 
seeding concentration (n = 3). 
 
 
 
However, further analysis using log transformed data (to stabilise the variance associated 
with high numbers of microorganisms) showed that the proportion of microorganisms 
removed by NZ was different at different seeding concentrations (Figure 7). The proportion 
of MS2 bacteriophage removed by NZ was highest at seeding concentrations of 104 pfu/ml 
and decreased at the higher seeding concentrations tested. For E. faecalis, the proportion 
removed was highest when the number of bacteria was 105 cells per millilitre but decreased 
slightly when the number of bacteria increased to 106 cfu per millilitre. A decrease in the 
proportion of E. coli removed by the zeolites was not evident over the seeding concentration 
tested, although the removal was consistently low and was less than 0.5 log10 of the number 
seeded. 
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Figure 7: Removal (log10 values) of E. coli, E. faecalis and MS2 bacteriophage by natural 
zeolitized tuff in optimal suspension (CaCl2) solutions as a function of the seeding 
concentration (n = 3) 
 
 
Adsorption data was fitted to the Langmuir and Freundlich isotherm models and the 
parameters were compared for each microorganism in optimal salt solutions (Table 7). 
According to the Langmuir model, more binding sites were estimated on NZs for E. faecalis 
(Qmax = 1.43 x 10
7) compared to E. coli (Qmax = 5.00 x 10
5) or MS2 bacteriophage (Qmax = 
1.00 x 105). However, adsorption was better correlated to the Freundlich isotherm model 
with coefficients of 0.9 or more (Table 7). The Freundlich ‘K’ values indicated a higher 
adsorption affinity of the zeolites for MS2 bacteriophage (K = 505), then E. faecalis (K = 49) 
and E. coli (K = 4). The Freundlich ‘n’ constant was less than one for both of the bacteria 
tested and was greater than one for adsorption of MS2 bacteriophage by the zeolites.  
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Table 7: Langmuir and Freundlich isotherm model parameters for the adsorption of E. 
coli, E. faecalis and MS2 bacteriophage to NZs in optimal suspension solutions. 
 
 
Organism 
 
 
r2 
Langmuir 
Qmax 
 
 
 
k 
 
 
r2 
 
Freundlich 
 
K 
 
 
 
n 
 
E. coli 
 
0.44 
 
5.00 x 105 
 
2.3 x 10-5 
 
0.96 
 
4.03 
 
0.80 
 
E. faecalis 
 
0.79 
 
1.43 x 107 
 
7.5 x 10-6 
 
0.96 
 
49.4 
 
0.86 
 
MS2 
 
0.28 
 
1.00 x 105 
 
4.5 x 10-3 
 
0.90 
 
505 
 
1.16 
 
 
3.4.5 Microorganism attachment and viability on the zeolites  
 
When the NZs (from batch adsorption experiments) were plated on agar and cultured 
overnight, bacterial colonies (E. coli and E. faecalis) and MS2 bacteriophage plaques 
were detected and could be counted. Colony counts supported the removal data presented 
above (Figure 4 and Table 6) and more bacteria (E. coli and E. faecalis) were attached to 
the NZ when adsorption was performed in the optimal suspension solution (CaCl2 
solutions) compared to in dH2O (p < 0.001) (Figure 8). In suspensions containing 102 
microorganism cells/ml, the percentage detected on the NZ was not different to the 
percentage of bacteria removed from dH2O and water containing CaCl2 (p > 0.05), 
confirming that bacteria removed from the liquid matrices were attached to NZ and could be 
detected by culture-based assays. Conversely, the percentage of MS2 bacteriophage detected 
by plaque assay on the zeolites was low (< 5% of the number seeded) and didn’t 
correspond to the high removal of MS2 bacteriophage (80% removal) by the zeolites in 
CaCl2 solutions (shown in Figure 4). 
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Figure 8: The percentage of E. coli, E. faecalis and MS2 bacteriophage (seeded at 102 
cells per millilitre) cultured from the NZ after agitation in dH2O or CaCl2 solutions 
(n = 10). Statistical analysis between the percentages detected from dH2O compared to 
CaCl2 solutions. *** Statistical significance based on p < 0.001. 
 
Investigations were undertaken to evaluate the likely cause of the discrepancy between the 
high removal of MS2 bacteriophage by NZ in CaCl2 solutions and the inability to detect the 
bacteriophage on these zeolites. It was possible the CaCl2 salts interfered with culture-based 
detection of the virus. Therefore the impact of CaCl2 on the ability to enumerate 
microorganisms by cultivation was determined in the presence or absence of NZ (Figure 9). 
The data presented in Figure 9 is the total recovery of microorganisms. In the absence of 
NZs, the percentages recovered were calculated from the number of microorganisms detected 
in the liquid suspension after 10 minutes agitation compared to the number seeded. When 
NZs were used, the percentages were similarly calculated however included numbers in the 
liquid suspension plus the number detected on the NZ after 10 minutes agitation. The results 
indicated that a high proportion of MS2 bacteriophage in 20 mM CaCl2 solutions were 
detectable by plaque assay in the absence of NZ. When the NZs were present, the 
percentage of MS2 bacteriophage detected was low (< 5%) and was consistent with the 
previous experiment. The presence of 20 mM CaCl2 ions alone therefore could not account 
for the inability to detect MS2 bacteriophage on NZ using culture-based assays. 
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Figure 9: The percentage of seeded microorganisms (103 cells per millilitre) 
recovered (from the liquid suspension and NZ) after 10 minutes agitation in CaCl2 
solutions containing NZ (n = 6) compared to the percentage recovered from the 
liquid suspension after agitation in CaCl2 solutions not containing NZ (n = 3). Values 
obtained for solutions with NZ are the product of percentages detected in the 
supernatant and on NZ. *** Statistical significance based on p < 0.001. 
 
 
3.4.6 Quantitative PCR 
 
Molecular-based PCR was applied to verify whether microorganisms attached to NZ could be 
detected using molecular techniques and, more specifically whether MS2 bacteriophage was 
attached to NZ in a non-cultivable state. Viral RNA extracted from the zeolites was diluted at 
1:100 for nucleic acid amplification by RT-qPCR. A standard curve for RT-qPCR was 
generated from serial dilutions of RNA that had previously been extracted from a known 
number of MS2 bacteriophage (determined by plaque assay) and a correlation coefficient of 
0.99 was obtained for the standard curve. The results however, showed that only a small 
percentage of MS2 were detected on the zeolites (Table 8) and this was consistent with 
the percentages determined by culture-based plaque assays (from Figure 8). 
Bacterial DNA extracted from the zeolites was also diluted at 1:100 to enable nucleic acid 
amplification. In contrast to the MS2 results, more bacteria were detected on NZ by qPCR. 
65  
The standard curve for qPCR was generated from serial dilutions of DNA extracted from a 
known number of E. coli and E. faecalis (determined using plate counts). Correlation 
coefficients of 0.99 were obtained for the standards curves of both bacteria. Quantitative 
PCR assays indicated that, of the numbers seeded, 18% and 15% of E. coli and E. 
faecalis respectively were attached to NZ (Table 8). These values were however lower than 
those determined using the culture-based assays (from Figure 8). 
It should be noted that 1:10 and 1:100 dilutions of RNA and DNA were analysed by RT-
qPCR and qPCR and amplification was only apparent in the 1:1:00 dilutions (data not 
shown). 
 
Table 8: The percentage of microorganisms detected by RT-qPCR for MS2 
bacteriophage and qPCR for E. coli and E. faecalis using RNA or DNA extracted 
from the NZ that had been applied in batch adsorption studies seeded at approximately 
1 x 10
4
 cells per ml (n  = 3). 
 
 
Micro- 
 
organism 
Suspension 
 
solution 
CPR amplified 
 
from control 
(n = 3) 
CPR amplified 
 
from zeolites 
(n = 3) 
% detected 
 
on zeolites 
 
MS2 
 
dH2O 
 
1.46 x 104 
 
6.39 x 102 
 
4.4% 
 
MS2 
 
CaCl2 
 
1.46 x 104 
 
1.20 x 103 
 
6.3% 
 
E. coli 
 
CaCl2 
 
5.39 x 104 
 
9.58 x 103 
 
17.8% 
 
E. faecalis 
 
CaCl2 
 
4.94 x 104 
 
7.22 x 103 
 
14.6% 
CPR: copies per reaction 
 
Note: Control DNA was extracted from cultures of bacteria used in adsorption studies seeded 
at approximately 10
4
 cells/ml as noted in Section 2.4.1. Control RNA for MS2 
bacteriophage was extracted from the stock culture also at approximately 10
4
 cells/ml as 
noted in Section 2.4.1. 
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3.5 Discussion 
 
Natural zeolitized tuffs have been presented as a promising adsorptive mineral for removing a 
wide range of ionic contaminants in water (Misaelides 2011). In the present study, it was 
shown that NZs could be used to remove microorganisms from water and that the removal, 
especially for viruses and gram-positive bacteria, improved considerably by altering ionic 
conditions. The findings were consistent with a previous study testing other types of zeolites 
for the ability to isolate bacteria from liquid suspensions (Kubota et al. 2008). Characterising 
the water chemistry conditions that favour sorption of bacteria and viruses to Escott NZ was 
important in the evaluation of this media to isolate potentially pathogenic microorganisms 
from water. 
It has been well documented that the surface charge intensity of particles in solutions 
is reduced under certain solution chemistry conditions, such as at higher solution ionic 
strength, and can allow like-charged particles to bind via attractive van der Waal 
interactions (Rance et al. 2010, Rance and Khlobystov 2010, Cao, Tsai, and Rusch 2010, 
Brady-Estevez et al. 2010). This could explain the increased removal of bacteria and 
viruses by the NZs after soluble cationic salts were added to the suspensions. In 20 to 90 
mM divalent salts solutions, up to 50% of E. coli, 71% of E. faecalis and 84% of the 
MS2 bacteriophage seeded were removed from the liquid matrix by NZ compared to 
less than 10% in dH2O. A positive correlation between sorption and increasing ionic 
strength indicates that suppression of the electrostatic repulsive forces is an important 
factor governing sorption (Brady-Estevez et al. 2010), and this was shown here for E. 
coli sorption to the NZs. This relationship was strongest for E. coli in divalent salt 
solutions, and would be expected due to the greater suppression of electrostatic 
repulsive forces by divalent as opposed to monovalent ions at lower ionic strengths. 
Enhanced sorption of several types of microorganisms to solid particles in the presence of 
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divalent cations compared to monovalent cations is supported by several studies (Gutierrez 
et al. 2010, Janjaroen et al. 2010, Pham, Mintz, and Nguyen 2009, Rong et al. 2010). 
It was however evident that forces other than those explained by the DVLO theory must 
also contribute to the increased removal of E. faecalis and MS2 bacteriophage by the 
zeolites under certain physicochemical conditions. According to the DLVO theory, 
increasing the ionic strength should increase the percentage of organisms adsorbed by the 
zeolites, stated above. However, the percentage of E. faecalis removed by the zeolites 
in divalent salt solutions and the percentage of MS2 bacteriophage removed by the zeolites 
in CaCl2 solutions decreased with increasing ionic strength. Deviations from the DLVO 
theory have been shown previously for the adsorption to uneven surfaces (Jacobs et al. 
2007) and may be expected because the surfaces of natural zeolitized tuff are extremely 
heterogeneous (Armbruster 2001). Deviations from the DLVO theory have also been 
attributed to factors such as charge heterogeneity, steric repulsion, microorganism surface-
specific characteristics, motility and specific interactions with divalent cations (Brady-
Estevez et al. 2010, Gutierrez et al. 2010, Pham, Mintz, and Nguyen 2009, Truesdail et 
al. 1998, Wheeler et al. 1983). Increased formation of cation bridges or carboxylate 
interactions between clays and microorganism surface groups in the presence of Ca2+ 
compared to other divalent cations such as Mg2+ has been shown before (Brady-Estevez 
et al. 2010, Janjaroen et al. 2010) and could explain the higher removal of MS2 
bacteriophage by NZ in CaCl2 solutions (84% ± 10) compared to in MgCl2 solutions (44% 
± 12). The removal of E. faecalis by NZ was also higher in 20 mM CaCl2 solutions (71% ± 
19) compared to in MgCl2 solutions (58% ± 9) at the same ionic strength, although the 
difference was not significant. It is likely Ca2+ ions are more effective than Mg2+ ions at 
improving E. faecalis sorption, and the inclusion of more replicates (>3) could verify this 
finding. 
Differences were also noted between the effect of divalent cations on the adsorption of 
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E. faecalis and E. coli by NZ and, could be because of differences in their cell wall 
structure. The lower peptidoglycan density and lipopolysaccharide arrangement of the 
gram-negative bacteria cell wall may limit or prevent surface-specific interactions with 
ions such as Ca2+, as was shown in another study investigating the adsorption of gram-
negative bacteria to a different type of clay (Walker et al. 1989). Furthermore, the 
findings were consistent with the selective sorption of gram-positive over gram negative 
bacteria for nine of the eleven different types of synthetic zeolites tested previously 
(Kubota et al. 2008). In the study by Kubota et al. (2008) the type of synthetic zeolite that 
most closely resembled the zeolite used in the present study was Zeolite H-Y (according to 
the most similar SiO2/Al2O3 ratio of 5.5). Zeolite H-Y removed 25% or less gram negative 
bacteria and up to 100% of some types of gram positive bacteria in 150 mM NaCl solutions 
(Kubota et al. 2008). Enhancing the removal of certain types of microorganisms such as 
gram-positive bacteria could allow a more selective separation approach for liquid matrices 
containing mixed bacterial populations, however it was not beneficial for the purpose of this 
work. 
Solution pH was also adjusted to see whether the removal of E. coli, E. faecalis and 
MS2 bacteriophage by NZ in CaCl2 suspensions could be further improved, but had a 
negligible effect. Lowering the pH to acidic conditions has been shown previously to 
suppress the intensity of the electrostatic forces around microorganisms in solutions and 
for bacteria, the isoelectric point is expected to occur between pH 2.5 and 3.5 and for MS2 
bacteriophage at pH 3.9 (Gerba, Pepper, and Newby 2014). The lowest pH tested in this 
study was pH 3 and may have been insufficient to reduce the intensity of the surface 
charge of the microorganisms. Previous work has shown that the negative surface charge 
intensity of NZ is reduced or neutralised at a pH of less than 7.5 (Brouillette et al. 2004). 
This could explain why sorption in solutions at pH 3 to 7 was similar, although doesn’t 
account for the similar results in solutions at pH 9. It is possible that the attractive van der 
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Waals forces between the zeolites and E. coli were low and even if repulsive forces are 
further suppressed to allow particles to come in closer proximity to one another, 
adsorption would still not be increased (van Loosdrecht et al. 1987a). Results over the pH 
ranged tested indicated that whatever the mechanism for sorption for E. faecalis and MS2 
bacteriophage to NZs, it is stable across this pH range. This would be beneficial for the 
separation of certain types of microorganisms from both acidic and alkaline waters. 
To further evaluate the use of NZ for separating microorganisms from water it was 
also important to determine the affinity of adsorption and possible limitations regarding the 
saturation of adsorption sites. Adsorption isotherms were established for each type of 
microorganism and adsorption was shown to increase linearly at seeding densities from 102 
to 
106 microorganisms per millilitre (See Figure 6). The linearity of adsorption with seeding 
concentration depicts a C-type isotherm and suggests that a fixed proportion of 
microorganisms are adsorbed irrespective of the seeding concentration. This agrees with the 
adsorption of reovirus on clays shown in a previous study (Lipson and Stotzky 1983) and in 
their study was believed to be explained by the natural surface charge heterogeneity within 
microbial populations. Closer examination of the proportion of microorganisms removed at 
each seeding concentration was undertaken using log10 transformations of the data, to 
stabilise the variance associated with large numbers of microorganisms and to show trends 
that would otherwise be unclear. From this, E. coli was the only microorganism where 
the removal continued to increase as a function of seeding concentration, but the 
proportion removed was typically low (0.5 log10 of the number seeded) (Figure 7).  The 
removal of E. faecalis and MS2 bacteriophage decreased at the higher seeding 
concentrations tested and indicated possible saturation of adsorption sites, although further 
analysis would be required to verify this. 
Adsorption was also characterised using two common linear isotherm models, the 
70  
Freundlich and the Langmuir models, and was found to be better correlated to the Freundlich 
model (See Table 7). This suggests the possibility of multilayer sorption on the NZ 
surfaces and was consistent with previous findings for sorption of microorganisms to other 
adsorbents (Deng et al. 2008, Jin et al. 2007, Upadhyayula et al. 2008). The numerical 
parameters derived from isotherm models were also compared. Freundlich ‘n’ values 
predict whether adsorption occurs as a single layer (n = 1), as multilayer due to chemical 
processes (n < 1) or whether adsorption sites become saturated (characteristic of physical 
adsorption processes) at which no further adsorption occurs (n > 1) (Foo and Hameed 
2010). An ‘n’ value less than 1 for E. coli suggested that multilayer adsorption occurs on the 
NZ surfaces due to chemical processes. Assuming that this prediction is correct, the 
adsorption sites for E. coli should not become saturated. The Freundlich ‘n’ value for E. 
faecalis was also less than 1 but it did appear that the sorption sites on NZ for this 
bacteria became saturated, according to the lower proportions of seeded E. faecalis removed 
at seeding concentrations of 106 cells by 10 mg of zeolites. This observation is inconsistent 
with the Freundlich isotherm predictions. A similar reduction in sorption was made for MS2 
at higher seeding concentrations although in this case it was consistent with the 
Freundlich predictions because the ‘n’ value was greater than 1.  
The affinity (or ‘attractiveness’) of adsorption refers to the attraction between particles and 
is predicted by the Freundlich ‘K’ value. The higher the ‘K’ value, the greater the affinity of 
an adsorbent to the adsorbate (Upadhyayula et al. 2008). The adsorption affinity of NZ for 
E. coli was low (K = 4.03) compared to that for E. faecalis (K = 49.4) and further supported 
the lower affinity of the gram-negative bacteria compared to gram-positive bacteria that had 
been reported previously (Kubota et al. 2008). The adsorption affinity of NZ for MS2 
bacteriophage was higher than for the bacteria tested (Freundlich K = 505) and can be 
explained by their very small spherical structure and lack of external protrusive 
structures such as flagella making them more easily adsorbed by clays (Gerba, Pepper, 
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and Newby 2014). 
Despite the higher affinity for MS2, it was interesting that there appeared to be fewer 
binding sites on NZ for MS2, as evidenced by the decreased log10 removal at 
concentrations greater than 104 virus cells per millilitre (Figure 7). More adsorption sites 
were expected on the zeolites for smaller viruses than for the bacteria. The fact that this was 
not shown could be because of different binding site requirements for each microorganism 
or that other processes are occurring in the CaCl2 solutions, that affect the removal of 
MS2 bacteriophage, like the microorganism-Ca2+-zeolite specific interactions mentioned 
above.  Another possibility is viral aggregation, which may occur more readily in 
suspensions containing higher numbers of individuals. Aggregation of viruses is also 
shown to increase in solutions containing divalent cations (Gutierrez et al. 2010, Mylon et 
al. 2010). Assuming that virus particles are more likely to come into contact with one 
another at high seeding densities, and that Ca2+ ions increase the likelihood that particles 
will aggregate, it is plausible that viral aggregates are not readily adsorbed to zeolite 
surfaces perhaps due to structural or conformational changes at the cell surface. However, 
the issue with monitoring the microbial quality of water is that pathogens are present in low 
numbers (Aw and Rose 2012, Straub and Chandler 2003) and therefore aggregation may not 
be a problem for separating viruses from water by NZs. 
The Langmuir model has been used to predict an adsorption maximum (Qmax) and for 
E. faecalis this was 1.43 x 107 bacteria cells per gram of NZ. These results were consistent 
with the culture- based detection observations for 10 mg of the zeolites. Compared to 
other adsorbents, the predicted number of bacteria binding sites on NZ was lower than the 
number predicted for carbon nanotubes (Deng et al. 2008) but was similar to those predicted 
for bacteria on layered hydroxide composites (Jin et al. 2007). In drinking and recreational 
waters, the numbers of microorganisms are low and even in raw sewage the number of 
faecal bacteria is lower than 107 organisms per millilitre (Zhang and Farahbakhsh 2007). 
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Therefore the binding capacity of zeolites should be suitable for the purpose described. 
Competitive adsorption with soluble ions may however reduce the binding of 
microorganisms to clays in natural waters and the impact of ionic competition should be 
investigated in specific applications. 
Detection of adherent microorganisms was crucial to the use of NZ for the purposes 
described here because determining pathogen viability is essential to adequately assess 
the risk of disease (USEPA 2008). Bacteria adherent on the zeolites remained viable and 
were detected using standard culture-based assays, with no difference in the percentage 
removed from the liquid matrix and the percentage cultivated from the zeolites. Suitability 
of zeolite- separation with rapid molecular detection assays was also evaluated. 
Nucleic acids were extracted from the bacteria adherent to the zeolites and specific 
sequences were amplified using qPCR. The results from molecular-based assays were 
lower than those obtained using culture-based assays perhaps because of the presence of 
some inhibitors in the zeolite extractions. Dilution of bacterial DNA was performed to 
overcome PCR inhibition, however may not have been sufficient to eliminate inhibition 
completely as has been noted before (Hoshino and Inagaki 2012). Nonetheless, the 
potential for culture-based and molecular detection of bacteria adherent to the zeolites was 
demonstrated without needing to elute microorganisms from the zeolites prior to detection. 
Detection of adherent MS2 bacteriophage proved more difficult. Culture-based plaque assays 
and qPCR were used to detect virus on NZ, but neither method could account for the 
high removal of MS2 bacteriophage from liquid suspensions. Less than 10% of MS2 
bacteriophage seeded was detected attached to zeolites. Virus aggregation, mentioned above, 
could contribute to an underestimate of the plaques counted using culture-based 
assays. However when aggregation was evaluated in the absence of NZ (See Table 10) 
all of the virus particles seeded in the suspension could be detected on the zeolites using 
plaque assays and, therefore this was unlikely to explain the inability to detect the 
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bacteriophage following adsorption to NZ. Strong sorption of MS2 to the zeolites, supported 
by the high Freundlich K value, may have also prevented viral infection of host cells and 
thus the formation of viral plaques. It may be that a method to elute virus from zeolites needs 
to be investigated before zeolite-capture is useful for culture based detection assays. 
Likewise, strong sorption of nucleic acids to zeolites has been described (Anizelli et al. 2015) 
and may have prevented RNA extraction from zeolites, although nothing was found in the 
literature to support this. Difficulties with RNA extraction and instability of RNA from 
environmental samples has been described before (Haugland et al. 2005b, Shannon et al. 
2007) and shouldn’t be discounted as a possibility in this study. Other techniques, kits and 
methods for RNA extraction and stability may overcome the apparent problems encountered 
here. 
Alternatively it is hypothesised that the specific zeolite-Ca2+- bacteriophage interactions, 
determined by the removal of virus from CaCl2 solutions mentioned above, have resulted 
in MS2 bacteriophage being adsorbed to NZ in a form not detectable by the assays used 
in the present study. Similar ‘inactivation’ has been shown previously for the adsorption 
of influenza virus on cation-modified surfaces and the events following attachment led to 
the release of viral RNA into solution, leaving only the viral protein attached to the 
adsorbent (Hsu et al. 2011). Others have shown clinoptiolite to have antiviral properties due 
to the incorporation of virus particles into the zeolite pores (Grce and Pavelic, 2005) and 
could also explain the observations reported here. Some of the above could have been verified 
by testing the liquid suspension for the presence of viral RNA, although was not done in this 
study. It is also possible virus attachment to NZ surfaces could be visualized by scanning 
electron microscopy and should be considered in subsequent studies. Unless zeolite-bound 
virus could be detected, the use of NZ to separate viruses from water for use in 
detection assays would obviously be limited. The described method using NZ in the 
presence of Ca2+ may be more suited to applications for the purification of water from 
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viable viral contaminants and could be promising in future studies. 
Natural zeolitized tuff separated low (102 to 103 cells per millilitre) numbers of 
microorganisms from liquids and would be a simple, fast and cheap separation method 
that could be performed in ten minutes in the field. There was no need for expensive, 
power driven equipment and simple processes of agitation and sedimentation were 
sufficient for separation. Calcium chloride salt could be added to water samples at 
concentrations of 20 mM to enhance the ability to simultaneously separate multiple 
microorganisms. The adsorption affinity of NZ to each type of microorganism was 
however different, but this could be exploited to differentially separate bacteria based 
on cell wall structure, with a greater adsorption affinity for gram-positive over gram-
negative bacteria. The method of zeolite-isolation provided a 100-fold reduction in sample 
volume and the sedimented zeolites were suitable for use in traditional culture-based and 
molecular-based assays to detect bacteria, although further work is required to detect 
virus. The method was stable over a range of acidic (pH 3) to alkaline (pH 9) water 
conditions and is a promising, cheap alternative to currently available methods. 
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Chapter 4: Surface modification of natural zeolitized tuff to 
enhance isolation of bacteria and virus from water 
 
4.1 Summary 
 
The surface charge intensity of NZ’s was modified using a long chain cationic 
surfactant or by silanisation and the ability to capture and isolate bacteria and viruses from 
water was compared. Surface charge intensity, as determined by zeta potential, was less 
negative for surfactant-modified zeolites (SMZ) than for the NZs in deionised H2O and PBS. 
Water chemistry affected the surface charge intensity of silanised zeolites (SZ) and they were 
positively charged in deionised H2O and less negative than the NZs in PBS. Removal of the 
microorganisms from the liquid matrix was evaluated in batch adsorption studies with the 
NZ’s (10 milligrams per millilitre) and microorganisms (102 per millilitre) agitated for 10 
minutes after which the NZ’s were separated by sedimentation. The surfactant-modified 
zeolites removed 88% (± 12) of Escherichia coli, 100% of Enterococcus faecalis and 98% (± 
1) of MS2 bacteriophage from the suspensions. The percentage of microorganisms removed 
by the silanised zeolites was lower and was 63% (± 8) of E. coli, 73% (± 5) of E. faecalis and 
33% (± 5) of MS2 bacteriophage and was relatively consistent over a range of ionic strength 
and pH conditions. Also, all of the microorganisms removed by the silanised zeolites were 
detected on the zeolites by culture-based assays, which was not evident when surfactant- 
modified zeolites were used. Low numbers of E. coli (23%) and MS2 bacteriophage (2%) 
were detected on the surfactant-modified zeolites by culture-based assays and therefore 
quantitative PCR (qPCR) was used to check if these microorganisms were adherent but in a 
viable-but-non-cultivable state. The qPCR results indicated 26% attachment of E. coli to the 
surfactant-modified zeolites and agreed with the percentage detected using culture-based 
assays.  For MS2 bacteriophage, 19% was detected by qPCR on the surfactant-modified 
zeolites and, although higher than the 2% detected using culture-based assays, was still far 
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less than the percentage removed from the liquid matrix (98%). The inability to detect all of 
the microorganisms by culture-based assay after contact with surfactant modified zeolites 
may be because of antimicrobial properties of the surfactant and would suggest that 
surfactant-binding to the zeolites was not stable. Silanisation of natural zeolitized tuff may 
therefore be a more suitable chemical modification to enhance the isolation of viable 
potentially pathogenic microorganisms from water for subsequent detection. 
 
4.2 Introduction 
 
Both natural minerals and microorganisms carry a negative surface charge or zeta potential 
under environmental conditions (Jin et al. 2007, Redman et al. 2001, van Loosdrecht et al. 
1987a). The zeta potential is an estimate of the overall electronegativity of the mineral or cell 
outer surface and influences polarity, movement and interactions between particles in liquid 
matrices (Wilson et al. 2001). Sorption between suspended particles is more likely when the 
zeta potentials are close to zero or between positively and negatively charged particles. 
Particles with a highly negative charge intensity are likely to be repelled by electrostatic 
repulsion (Lower 2005, Salerno, Logan and Velegol 2004, van Loosdrecht et al. 1987a, b). 
Various chemical processes have been shown to alter the zeta potential of natural minerals 
and several of these modifications have been shown to enhance their affinity for 
microorganisms (Won, Min, and Park 2010, Busscher et al. 2006, Bearinger et al. 2009). 
These modifications include methods that alter both charge and hydrophobicity, such as 
cationic surfactants (Schulze-Makuch et al. 2002, Schulze-Makuch et al. 2003, Bowman 
2003). Other methods alter the charge only by adding specific functional groups to the 
surface, such as amine- and carboxyl-functional groups (Bearinger et al. 2009).  Selection 
of a suitable chemical modification could be used to enhance the ability of natural 
minerals to isolate microorganisms from water. 
Previously, the surface properties of NZ have been modified and their affinity for anions 
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in the environment was increased by ion exchange with the high molecular weight cationic 
surfactant, hexadecyltrimethyl-ammonium chloride (HDTMA-Cl) (Haggerty and Bowman 
1994).  At concentrations above the critical micelle concentration, the surfactant formed a 
patchy or complete bilayer around the external zeolite structure and produced cationic 
surface conditions and an increase in hydrophobicity (Haggerty and Bowman 1994, Li and 
Bowman 1998, Sullivan, Carey, and Bowman 1998). The NZ that had been modified with 
HDTMA and applied as a permeable filter media, had a greater capacity to remove water-
borne bacteria and viruses compared to zeolites in an unmodified state (Schulze-Makuch et 
al. 2002, Schulze-Makuch et al. 2003). This was supported in another study (Abbaszadegan 
et al., 2006) where it was concluded that surfactant modified zeolites (SMZ) removed or 
killed bacteria and viruses by physical adsorption and chemical inactivation, and the 
relative contribution of adsorption and inactivation varied for the organisms tested.  
Hrenovic et al., (2008) also evaluated SMZ as a bio-carrier of viable phosphate 
accumulating bacteria in wastewater treatment processes and showed that the type or extent 
of the surfactant modification was important to the viability of the adherent bacteria. Stable 
adsorption of the cationic surfactant by the zeolites reduced the residual antimicrobial 
properties of the surfactant (Li 1999, Hrenovic et al. 2008). 
Other methods of immobilising microorganisms in a viable state have been used in biofilm 
studies, where it was necessary to immobilise microorganisms that exhibit natural 
biochemical functioning (Fernandez et al. 2010). Several chemical-based surface 
modifications have been shown to enhance the immobilisation of viable microorganisms 
(Dong, Jiang, and Chen 2011). 
The present study aimed to evaluate two types of chemical modifications on the surface 
properties of Escott natural zeolitized tuff (NZ) and to compare the ability to isolate bacteria 
and viruses from water. The first modification used the cationic surfactant, HDTMA-Cl, 
similar to that previously described by Schulze-Makuch et al., (2002). The second was by 
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silanisation using 3-aminopropyltriethoxysilane (APTES). Functionalisation of surfaces with 
organosilanes improves the attachment of molecules to solid surfaces by covalent bonding 
and has been applied in the development of lab on a chip technologies (Ibarlucea et al. 2011). 
Furthermore, living E. coli cells have been attached to amino-functionalised synthetic zeolites 
(Popovic et al. 2007) and therefore silanisation could be a promising method to modify 
the surfaces of the NZ in the present study. 
Adsorption isotherms were determined for both types of zeolites (SZ and SMZ) and the 
adsorption affinity for E. coli, E. faecalis and MS2 bacteriophage was compared. The 
effect of solution ionic strength and pH and the quantity of NZ used was also investigated 
to see whether the ability to capture and detect viable microorganisms on surfactant-
modified or silanised zeolites could be improved. 
 
4.3 Materials and Methods 
 
4.3.1 Preparation of the Surfactant modified zeolites 
 
The 75 µm grain size Escott NZ were modified using the long chain cationic 
surfactant, Hexadecyltrimethylammonium chloride (HDTMA-Cl) (Sigma-Aldrich, 
Australia) similar to that previously described (Schulze-Makuch et al. 2003).  Briefly, 10 
millilitres of a 25% HDTMA-Cl w/v solution in water was added to 10 grams of the 
zeolites and incubated for 7 or more days at 37°C. The zeolites were then washed 10 
times with 50 millilitres of deionised H2O, centrifuged at 180 g for 5 minutes and dried 
overnight at 37°C prior to use. 
 
4.3.2 Preparation of the Silanised zeolites 
 
Silanised zeolites (SZ) were prepared by suspending 10 grams of the zeolites in 50 millilitres 
of a 10% 3-aminopropyltriethoxysilane (APTES) (Sigma-Aldrich, Australia) solution in 
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100% acetone for 10 minutes at room temperature, followed by two washes in 50 
millilitres 100% acetone, once in 50 millilitres deionised H2O and dried overnight at 37°C 
prior to use. 
 
4.3.3 Zeta potential of the Zeolites 
 
The zeta potentials of NZ, SMZ and SZ were determined in duplicate using the Zetasizer 
Nano 317 (Malvern Instruments Ltd, UK). The zeolite preparations were suspended in 2 
millilitres of deionised H2O or PBS and 750 microlitres of the turbid upper portion of the 
liquid suspension (containing fine zeolite particles) was placed in a disposable capillary cell 
for analysis.  Zeta potentials of the three types of zeolites were compared. 
 
4.3.4 Batch Adsorption Studies 
 
The microorganisms used in this study, methods for batch adsorption experiments and 
the methods to determine the adsorption isotherms have been described in detail in 
Chapter 2. Adsorption isotherms were determined for SZ and SMZ with E. coli, E. faecalis 
and MS2 bacteriophage suspended in deionised H2O or PBS with each experimental 
treatment tested in triplicate. Experiments using SMZ were mostly performed in PBS 
because the surfactant adsorption to the zeolite surfaces appeared unstable in deionised 
water and will be discussed later. 
The percentage of E. coli, E. faecalis and MS2 bacteriophage (seeded at 10
3
 cells/ml) 
removed from the suspensions by the SMZ was compared to those removed by the SZ 
(Student’s t-test; n ≥ 3). Samples containing SMZ and E. faecalis were only analysed in 
triplicate because removal was consistently 100% as shown in the results below. For SZ 
statistical analysis was performed on six replicates (n = 6), as was done for E. coli and MS2 
bacteriophage removal by SMZ (n= 6). The removal of microorganisms as a function of 
seeding density and the percentages of the microorganisms cultured directly from the 
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modified zeolites were also determined using the same methods as detailed in Chapter 2. 
Different solution conditions were also investigated to maximise the attachment and 
viability of the microorganisms attached to SMZ or SZ. To verify attachment the zeolites 
that were used in ionic strength experiments were plated on agar, cultured and the numbers 
of bacterial colonies or viral plaques were counted and the results were compared. This 
was performed for both types of zeolites suspended in solutions with acidic to alkaline pH 
to also evaluate the effect of pH on microorganism viability or the adsorption affinity to the 
modified zeolites. 
 
4.3.5 Quantitative PCR 
 
To further verify whether the microorganisms removed from the suspensions were present on 
zeolites, qPCR was performed. The apparent toxicity of SMZ to E. faecalis (discussed 
later), meant that it was unlikely that there was any of this bacteria that were adherent to 
the SMZ, confirmed by a single qPCR assay (data not shown) and therefore qPCR analysis 
was only performed for E. coli and MS2 bacteriophage. 
 
4.3.6 The effect of zeolite dose 
 
The effect of zeolite dose on the isolation of microorganisms was evaluated in 1 millilitre of 
deionised H2O or PBS for SZ and SMZ respectively. Zeolite doses tested were 5 mg/ml, 50 
mg/ml and 100 mg/ml and the results were compared with those obtained using 10 mg/ml in 
other batch studies. The percentage of microorganisms isolated was determined from culture- 
based assays of the sedimented zeolites using the methods described in Chapter 2. 
 
4.4 Results 
4.4.1 Zeta potentials of zeolites 
 
The zeta potential of the NZ, SMZ and SZ suspended in deionised H2O or PBS, was 
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measured to determine the effect of each modification procedure on the surface-charge of 
the zeolites (See Figure 10). The NZs had the greatest negative charge in dH2O and 
PBS with zeta potentials of -30 to -35 mV. The zeta potentials of SMZ were less 
negative and were between -10 to -15 mV in PBS and deionised H2O. The SZ had a zeta 
potential similar to SMZ in PBS however the zeta potential was neutral to slightly positive 
when suspended in deionised H2O. 
 
 
 
Figure 10: The zeta potential of duplicate measurements for unmodified (NZ), 
surfactant modified zeolites (SMZ) and silanised zeolites (SZ) in deionised H2O 
and PBS. 
 
4.4.2 Batch adsorption studies 
 
Adsorption was compared for SMZ and SZ in deionised H2O or PBS and it was shown that 
the removal of all microorganisms by the SMZ was high (> 85%), except for MS2 
bacteriophage in deionised water where no detectable removal was observed (See Table 9). 
With the exception of the latter, there were significantly more microorganisms removed from 
the liquid matrix in the presence of SMZ compared to SZ (See Table 9). Removal of E. 
faecalis by SZ was > 70% in deionised water and PBS and for E. coli this was 63% from 
deionised H2O and 39% from PBS. The removal of MS2 bacteriophage from the liquid 
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suspension by SZ was lower and was 15% in deionised H2O and 33% in PBS. The highest 
removal of MS2 bacteriophage was by the SMZ in PBS with 98% of the organisms not 
detected in the liquid suspension (See Table 9). 
 
Table 9: The percentage of microorganisms removed from the liquid matrix by SMZ 
compared to by SZ in dH2O or PBS (mean ± SD; n ≥ 3). 
 
 
 
 
Organism 
  
Deionised H2O 
  
PBS 
Organism SMZ SZ SMZ SZ 
 
E. coli 88 ± 9*** 
 
63 ± 8 86 ± 9*** 
 
39 ± 7 
 
E. faecalis 
 
100*** 
 
73 ± 5 
 
100*** 
 
72 ± 5 
 
MS2 
 
0 
  
15 ± 13 
 
98 ± 1** 
 
33 ± 5 
Statistical significance based on ** p < 0.01, *** p < 0.001 
 
Surfactant-modified zeolites were equally efficient at removing the microorganisms 
from deionised H2O compared to PBS (p > 0.05, Student’s t-test), except for MS2 
bacteriophage which had high removals in PBS but none removed from the deionised 
H2O, as mentioned above (See Table 9). Silanised zeolites were equally efficient at 
removing E. faecalis and MS2 bacteriophage from both of the liquid suspensions tested 
however the removal of E. coli by SZ was higher in deionised H2O compared to in PBS (p = 
0.007, Student’s t-test). 
 
4.4.3 Adsorption isotherms 
 
Adsorption isotherms for the microorganisms with both types of modified zeolites 
were compared (See Figure 11). Note that the isotherm for E. faecalis sorption by SMZ could 
not be shown as the number of bacteria cells remaining in the suspension (which refers to the 
equilibrium concentration) was 0 at all seeding concentrations tested. Sorption of MS2 
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bacteriophage by SMZ was 1-2 logs higher than it was for E. coli at the microbial 
concentrations tested (See Figure 11A). Sorption of MS2 bacteriophage by SZ also appeared 
higher than it was for the bacteria, however this was only observed at the lower equilibrium 
concentrations and at higher equilibrium concentrations phage sorption was less than 
sorption of bacteria (See Figure 11B). Of the two bacterial strains tested the sorption of E. 
faecalis by SZ was slightly higher than it was for E.coli.  
Sorption was also evaluated by fitting the data to two common adsorption isotherm 
models. It was shown that sorption was more consistent with the Freundlich isotherm 
model rather than the Langmuir model (See Table 10). However, sorption of E. faecalis 
to the SMZ could not be analysed using isotherm models, because after contact with the 
SMZ no E. faecalis could be detected (Ce was 0 at all seeding densities). For the other 
microorganisms tested the adsorption isotherm constants were determined and compared. 
Freundlich isotherm ‘K’ values, used to depict the adsorption affinity, were higher when 
SMZ was the adsorbent compared to when SZ was used and were higher for MS2 
bacteriophage compared to for E. coli (See Table 10). The SZ had a similar Freundlich ‘K’ 
values for E. coli and E. faecalis. The Freundlich ‘n’ values were greater than one for E. 
coli and MS2 bacteriophage sorption to both the SMZ and the SZ, suggesting physical 
sorption to a finite number of binding sites on the zeolites (Foo and Hameed 2010). The 
corresponding ‘n’ value for E. faecalis sorption to SZ was however less than one, 
indicating multilayer sorption due to chemical processes (Foo and Hameed 2010) and was 
supported by a higher Langmuir Qmax value (1 x 106 adsorption sites per gram SZ) (See 
Table 10). 
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A) 
 
 B) 
 
 
 
Figure 11: Adsorption isotherms for A) SMZ and B) SZ adsorption to E. coli, E. faecalis 
and MS2 bacteriophage in PBS liquid matrices as a function of the equilibrium 
concentration (concentration of microorganisms remaining in suspension following 
sorption). Note the isotherm for E. faecalis sorption by SMZ was not shown as the 
equilibrium concentration was 0 for all seeding concentrations tested 
 
 
4.4.4 Effect of seeding density on the removal of microorganisms by the zeolites 
 
Due to the high variance associated with large numbers of microorganisms, log10 
transformations were used and the number of organisms removed by the zeolites was 
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expressed as a function of the seeding concentration. It was evident that the SZ generally had 
a lower capacity to remove the microorganisms from the liquid suspensions compared to 
the SMZ, although the removal of bacteria by the SZ was relatively consistent over the 
seeding concentrations tested (See Figure 12). This was not the same for the removal 
of MS2 bacteriophage by the SZ and a reduction in the proportion of phage removed was 
evident at seeding concentrations between 103 and 104 organisms per millilitre. This was 
opposite to the removal of E. faecalis by SMZ which increased linearly with the seeding 
concentration but, as stated above this type of bacteria could not be detected on the 
zeolites after contact with SMZ (See Figure 12A). The removal of MS2 bacteriophage 
and E. coli by the SMZ was fairly consistent over the seeding densities tested, but was 
higher for MS2 bacteriophage than for E. coli. At 103 or more organisms per millilitre the 
proportion of MS2 bacteriophage removed by the SMZ was between 2.2 and 2.7 log 
compared to between 0.4 and 1.0 log for E. coli. 
 
Table 10: The Langmuir and Freundlich adsorption isotherm model parameters for 
the SMZ or SZ suspended with E. coli, E. faecalis and MS2 bacteriophage. 
 
Organism  
 
r2 
Langmuir 
 
Qmax 
 
 
k 
 
 
r2 
Freundlich 
 
K 
 
 
n 
SMZ (PBS) 
E. coli 0.64 1 x 106 1.7 x 103 0.91 2.4 x 103 1.27 
E. faecalis NA NA NA NA NA NA 
MS2 0.77 3.3 x 105 6.6 x 102 0.90 1.7 x 104 1.12 
SZ (dH2O) 
E. coli 0.53 5 x 105 6.4 x 103 0.97 1.4 x 102 1.07 
E. faecalis 0.88 2 x 106 4.2 x 103 0.97 1.9 x 102 0.88 
MS2 0.77 1 x 106 1.2 x 103 0.91 3.8 x 103 1.80 
NA: not applicable; E. faecalis adsorption data could not be analysed by isotherm models as the Ce was 0 at all 
seeding concentrations tested.  
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Figure 12: Removal (log10 values) of microorganisms by SMZ or SZ from the liquid 
matrix as a function of seeding concentration. A) SMZ. B) SZ 
 
 
4.4.5 Culture-based detection of microorganisms adherent to SMZ or SZ 
 
To confirm the attachment of viable microorganisms on both types of the zeolites, the zeolites 
were plated on agar, cultured and the numbers of colonies were counted and compared to the 
number seeded. When suspended in deionised H2O, E. coli and E. faecalis were not detected 
(by culture on agar) on the SMZ particles.  However, when PBS was the suspension solution, 
23% of the seeded E. coli was cultured from the SMZ but still no E. faecalis was detected, as 
mentioned previously (See Table 11). A small amount (3%) of MS2 bacteriophage was 
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detected on the SMZ by plaque assay and the levels were the same in deionised H2O or 
PBS solutions (See Table 11). When the SZ were used, the percentage of bacteria detected 
on the zeolites was slightly more when adsorption was performed in deionised water 
compared to PBS. The mean percentage of microorganisms cultured from the SZ (in 
deionised water) was 66%, 55% and 27% for E. faecalis, E. coli and MS2 bacteriophage 
respectively. 
 
Table 11: Percentage of the microorganisms seeded that were detected on the SMZ or 
SZ particles using culture-based detection assays (mean ± SD; n ≥ 3). 
 
 
 
 
 
Organism 
 
 
Deionised H2O 
 
 
PBS (0.01M) 
Organism SMZ SZ SMZ SZ 
 
E. coli 
 
0 
 
 
55 ± 9.2 
 
23 ± 12.2 
 
35 ± 10.3 
 
E. faecalis 
 
0 
 
 
66 ± 9.6 
 
0 
 
59 ± 7.8 
 
MS2 
 
3 ± 0.5 
 
27 ± 9.9 
 
2 ± 0.7 
 
32 ± 2.5 
 
 
4.4.6 Effect of Ionic Strength on viability of microorganisms adherent to zeolites 
 
The ability to enhance the low numbers of microorganisms detected on the SMZ was 
investigated by modifying the solution ionic strength. The presence of soluble cationic salts 
slightly increased the percentage of E. coli detected from the SMZ (See Figure 13). In 
divalent cationic salt solutions at low ionic strengths, 25 to 50% of E. coli was detected 
on the SMZ, compared to 23% in PBS (ionic strength 0.01M) (from Table 11) and this 
was higher than for solutions containing the same concentrations of monovalent salts. The 
percentage of E. coli detected on SMZ decreased in all solutions at ionic strengths of more 
than 300mM (See Figure 13). 
 
88 
 
 
Figure 13: The effect of ionic strength on the percentage of E. coli cultured from the 
SMZ in NaCl, KCl, MgCl2 and CaCl2 solutions. 
 
Experiments testing the effect of ionic strength on the viability E. faecalis adherent to the 
SMZ were also performed despite preliminary studies showing poor attachment and/or 
viability with SMZ (See Table 11). However, varying the solution ionic strength did not 
improve the ability to detect E. faecalis (data not shown) and no further characterisation of E. 
faecalis isolation by SMZ was performed. The percentage of MS2 bacteriophage detected on 
the SMZ was only slightly improved by some ionic strengths of the monovalent (KCl) and 
divalent (CaCl2) salt solutions tested (See Figure 14). 
 
 
Figure 14: The effect of ionic strength on the percentage of MS2 bacteriophage detected 
on the SMZ in monovalent (KCl) and divalent (CaCl2) salt solutions (n = 3). 
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The effect of ionic strength on the amount of microorganisms detected on the SZ was also 
investigated. Percentages of E. coli, E. faecalis and MS2 bacteriophage detected on the SZ 
were similar in deionised water and in cationic salt solutions at low concentrations (See 
Figure 15).  At higher ionic concentrations however, there was a decrease in the percentage of 
microorganisms detected on the SZ and this was more pronounced for the bacteria when 
divalent, as opposed to monovalent, cations were added to the solution. Ionic strength had 
negligible effect on the attachment of MS2 bacteriophage to the SZ (See Figure 15). 
 
4.4.7 Effect of solution pH on viability of microorganisms adherent to zeolites 
It was possible that the solution pH could affect adsorption and this was demonstrated by the 
percentage of E. coli cultured from the SMZ after batch adsorption studies (See Figure 16A). 
In acidic (pH 3) solutions, 45% (± 2) of E. coli was detected on the SMZ and this percentage 
decreased to less than 5% in alkaline solutions (pH 9). The percentage of MS2 detected on 
the SMZ was not affected by pH and was the same as in Table 11 (less than 5%; See Figure 
16B). 
The highest amount of bacteria detected on the SZ was observed at pH 5 and was 49 ± 3% of 
E. coli and 71 ± 5% of E. faecalis (See Figure 17) and was similar to those in other batch 
studies performed us ing deionised water at pH 6.5 (See Table 11). The effect of solution 
pH on sorption to the SZ was similar for both types of bacteria tested but the percentage 
of E. faecalis detected on the SZ remained higher than for E. coli. Solution pH did not 
affect the percentage of MS2 bacteriophage cultured on the SZ in water or PBS solutions 
but higher attachment was observed in PBS (See Figure 17B). Attachment of MS2 
bacteriophage in this experiment was however lower in deionised water (10%) compared to 
the results obtained in deionised water in a previous experiment (27%) (From Table 11). 
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Figure 15: The effect of ionic strength on the percentage of microorganisms detected 
from the SZ A) E. coli, B) E. faecalis and C) MS2 bacteriophage. 
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Figure 16: The effect of solution pH on the percentage of microorganisms detected on 
the SMZ A) E. coli in PBS and B) MS2 bacteriophage in PBS or H2O. 
 
The highest amount of bacteria detected on the SZ was observed at pH 5 and was 49 ± 3% of 
E. coli and 71 ± 5% of E. faecalis (See Figure 17) and was similar to those in other batch 
studies performed us ing deionised water at pH 6.5 (See Table 11). The effect of solution 
pH on sorption to the SZ was similar for both types of bacteria tested but the percentage 
of E. faecalis detected on the SZ remained higher than for E. coli. Solution pH did not affect 
the percentage of MS2 bacteriophage cultured on the SZ in water or PBS solutions but 
higher attachment was observed in PBS (See Figure 17B). Attachment of MS2 bacteriophage in 
this experiment was however lower in deionised water (10%) compared to the results obtained 
in deionised water in a previous experiment (27%) (From Table 11). 
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Figure 17: The effect of solution pH on the percentage of microorganisms detected on 
the SZ A) E. coli and E. faecalis in PBS and B) MS2 bacteriophage in PBS or water. 
 
 
4.4.8 The effect of zeolite dose 
 
It was possible that increasing the dose of the zeolites used would increase the percentage of 
microorganisms adsorbed by the zeolites. The percentage of E. coli cultured from the SMZ 
was 15 and 22% when SMZ doses of 5 and 10 mg/ml respectively were used (See Table 12). 
Using the SMZ at 50 mg/ml resulted in 39% (± 4) of E. coli cultured from these zeolites but 
this didn’t increase at doses of 100 mg/ml. The amount of SMZ had no effect on the 
percentage of MS2 detected on the zeolites. 
Increasing the amount of SZ used increased the percentage of E. coli and E. faecalis detected 
on the SZ (See Table 13). The typical dose used in batch studies was 10 mg/ml but 
increasing the dose to 50 mg/ml resulted in a 7% increase in the percentage of E. coli and a 
13% increase in the percentage of E. faecalis detected from the SZ. The percentage of MS2 
bacteriophage on the SZ increased from 8% using 5 mg/ml to 27% at 10 mg/ml. There was no 
further increase at 50 and 100 mg/ml.  
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Table 12: The effect of increasing the amount of SMZ in PBS on the percentage of 
microorganisms detected on the SMZ by growth on agar or by plaque assay. 
 
 
 
 
 
Table 13: The effect of increasing the amount of SZ in PBS on the percentage of 
microorganisms detected on the SZ by growth on agar or by plaque assay 
  
 
 
 
 
 
4.4.9 Quantitative and RT-qPCR; SMZ 
 
There was a distinct inability to detect microorganisms after sorption by SMZ when culture- 
based detection assays were used. qPCR and RT-qPCR were used to determine whether the 
low recoveries of microorganisms in the presence of SMZ were due to the attachment of 
bacteria or bacteriophage in a non-cultivable state. The results of PCR assays were however 
consistent with those determined for viable attachment to the zeolites using culture-based 
assays.  The percentage of E. coli detected from the SMZ using culture-based assays was 
around 20% of that seeded (From Tables 11 and 12) and was similar using qPCR (26%) (See 
SMZ dose 
 
(mg/ml) 
E. coli (n = 3) 
 
% ± SD 
MS2 (n = 3) 
 
% ± SD 
 
5 
 
14.9 ± 2 
 
1.8 ± 1 
 
10 
 
21.5 ± 3 
 
2.7 ± 2 
 
50 
 
39.4 ± 4 
 
2.2 ± 1 
 
100 
 
35.7 ± 3 
 
2.8 ± 2 
SZ dose 
 
(mg/ml) 
E. coli (n = 3) 
 
% ± SD 
E. faecalis (n = 3) 
 
% ± SD 
MS2 (n = 3) 
 
% ± SD 
 
5 
 
22.1 ± 2 
 
64.0 ± 6 
 
8.0 ± 4 
 
10 
 
55.0 ± 9 
 
69.1 ± 5 
 
27.4 ± 3 
 
50 
 
61.6 ± 1 
 
83.5 ± 5 
 
16.0 ± 3 
 
100 
 
73.5 ± 5 
 
91.4 ± 5 
 
11.4 ± 1 
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Table 14).  However more MS2 were detected on the SMZ by RT-qPCR analysis (19%) (See 
Table 14) compared to by plaque assay (2-3%) (From Table 11). qPCR and RT-qPCR 
protocols were performed as described previously (detailed in Chapter 2) and further 
optimisation was not undertaken in this study. The quantitation analysis for these assays is 
provided as Figure 18 for E. coli and as Figure 19 for MS2 bacteriophage. 
 
Table 14: Results from qPCR for E. coli and RT-qPCR for MS2 bacteriophage 
using the nucleic acid extracts from the SMZ used batch adsorption studies in PBS (n = 
3). 
Organism CPR in control 
 
(n = 3) 
CPR in zeolites 
 
(n = 3) 
Zeolites (%) 
 
E. coli 
 
2.42 x 106 (± 6 x 105) 
 
6.23 x 105 (± 2 x 105) 
 
26% 
 
MS2 
 
8.04 x 105 (± 2 x 105) 
 
1.54 x 105 (± 1 x 105) 
 
19% 
CPR: copies per reaction 
 
 
 
 
 
Figure 18: The quantitation data and parameters for the qPCR assay for E. coli. 
qPCR standards, control and test samples were analysed in duplicate. Test 
samples were analysed using either undiluted or 10 fold diluted DNA in deionised 
water. 
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Threshold 0.1898 
Left Threshold 1.000 
Standard Curve  conc= 10 (^-0.314*CT + 11.337) 
Standard Curve  CT = -3.186*log + 36.117 
Reaction efficiency (*) 1.06007 (* = 10 (^-1/m) - 1) 
M -3.1859 
B 36.11712 
R Value 0.99981 
R 2^ Value 0.99962 
No Template Control 
Threshold 
0% 
  
 
Figure 19: The quantitation data and parameters for the qPCR assay for MS2 
bacteriophage. RT-qPCR standards, control and test samples were analysed in 
duplicate. Test samples were analysed using either undiluted or 10 fold diluted RNA in 
deionised water. 
 
 
4.5 Discussion 
 
Tailoring the electrostatic properties of filter media has been used in a range of processes to 
remove or concentrate microorganisms, especially viruses, in water (Percival et al. 2004). In the 
present study, Australian natural Escott zeolitized tuff was modified by the cationic 
surfactant HDTMA-Cl or by silanisation with 3-aminopropyl-dimethoxymethyl silane 
(APDEMS). The modified zeolites were shown to have less negative zeta potentials in dH2O 
and PBS compared to NZs. When the surfactant was used, zeolites were also observed to be 
more hydrophobic and formed ‘dry’ aggregates when suspended in dH2O (personal 
observation; unpublished data). An increase in the hydrophobicity of HDTMA-Cl modified 
natural zeolitized tuff was reported previously (Karapanagioti, Sabatini, and Bowman 2005). 
Reducing the negative zeta potential and increasing the hydrophobicity of zeolites can 
enhance interactions with microorganisms (Schulze-Makuch et al. 2003, Schulze-Makuch et al. 
2002, Kubota et al. 2008) and was observed in the present study for E. coli, E. faecalis and 
MS2 bacteriophage adsorption by SMZ and SZ. 
Surfactant-modified zeolites suspended in PBS and applied in batch studies at 10 mg/ml 
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removed 86% of E. coli, 100% of E. faecalis and 98% of MS2 bacteriophage from the liquid 
suspension. This was similar to the results reported for a permeable filter that also contained 
surfactant-modified natural zeolitized tuff (Schulze-Makuch et al. 2003, Schulze-Makuch et 
al. 2002). Contact times of 10 minutes, also previously reported (Schulze-Makuch et al. 
2002), were sufficient to remove the majority of bacteria and viruses from the suspension. 
However, all of the microorganisms that were removed from the suspension by the SMZ 
in this study could not be detected on the zeolites using culture-based detection assays.  
It was possible that the microorganisms were attached to the SMZ but in a non-cultivable 
form. To test this, qPCR and RT-qPCR was used. For E. faecalis only one sample was 
analysed by qPCR to evaluate the attachment to SMZ and revealed no attachment (data not 
shown), which was consistent with culture-based assay results. For this reason, no further 
samples were analysed by qPCR due to the cost of DNA extraction and qPCR analysis. Other 
samples examined by qPCR or RT-qPCR confirmed the attachment to SMZ and the results 
indicated that 26% of E. coli and 19% of MS2 were adherent to the SMZ. The PCR result was 
similar to culture-based detection assays for E. coli (23%), but was higher than the plaque assay 
results for MS2 bacteriophage (3%). This did not however disprove that all of the 
microorganisms removed were attached to the SMZ. The molecular- based assays used may 
have underestimated the percentage of microorganisms on the SMZ. Optimisation of DNA 
and RNA extraction and the PCR methods for amplifying genetic sequences from the 
zeolites may improve the ability to detect microorganisms, but was not feasible in this study. 
Nonetheless, the compatibility of SMZ capture with molecular detection assays was 
demonstrated for E.coli and MS2 bacteriophage. 
Another explanation for the inability to detect the microorganisms removed from suspensions 
in SMZ batch studies may have been because of inactivation due to unstable surfactant 
coverage on zeolites, that has been reported previously (Li et al. 1998, Hrenovic, Ivankovic, 
and Tibljas 2009). The antimicrobial properties of cationic surfactants like HDTMA-Cl are 
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strong, but have been shown to be greatly reduced once adsorbed to solid substrates (Nye, 
Guerin, and Boyd 1994). The adsorption of HDTMA-Cl to another type of natural zeolitized 
tuff was shown to be stable under a variety of ionic and pH conditions, although the stability 
was less in dH2O (Li et al. 1998). In that study, the instability of HDTMA-Cl attachment to 
zeolites in deionised H2O resulted in the partial release (up to 15%) of HDTMA-Cl from the 
zeolites. These researchers demonstrated that free HDTMA-Cl prevented microbial growth on 
agar. This could explain the inability to detect E. coli or E. faecalis in SMZ batch studies in 
dH2O in the work described here. The results obtained in this study would suggest that 
surfactant modification was more stable in PBS, allowing 20% or more E. coli to be 
cultured from the SMZ. The antimicrobial properties however, may act differently on different 
types of bacteria and the inability to culture E. faecalis was consistent with the higher 
sensitivity of gram-positive bacteria to the antimicrobial properties of HDTMA-Cl reported 
elsewhere (Hrenovic, Ivankovic, and Tibljas 2009, Kubota et al. 2008). Differences in toxicity 
can be explained by differences in cell wall structure because the lower peptidoglycan 
density and lipopolysaccharide arrangement of the gram-negative bacteria cell wall may reduce 
surface-specific interactions with the surfactant (Walker et al. 1989). Differences in the 
toxicity of the SMZ to the different types of bacteria could explain the apparent selective 
adsorption of gram-negative bacteria by the SMZ. 
Efforts were made to enhance the ability to culture viable microorganisms from the SMZ. 
The addition of cationic salts has been associated with reducing the electrostatic repulsive 
forces and allowing interactions between like-charged particles (Rance and Khlobystov 2010). 
Microorganisms are negatively charged in water and so too were the SMZ described here 
(shown by the negative zeta potentials). It is therefore feasible that electrostatic forces played 
a significant role in governing sorption by SMZ. In batch studies performed in the presence 
of divalent cationic salts the percentage of E. coli cultured on the SMZ was 25 – 50%. This 
was a slight improvement compared to the 23% cultured on the SMZ after adsorption was 
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performed in PBS. The addition of monovalent cationic salts at low ionic concentrations had 
less impact on the percentage of E. coli cultured on the SMZ than the divalent cationic salts 
and indicates that electrostatic forces are likely to play a part in governing E. coli adsorption to 
SMZ (Brady-Estevez et al. 2010). Conversely, the addition of divalent cations did not 
improve the percentage of E. faecalis or MS2 bacteriophage cultured from SMZ and this 
meant that adsorption, or inactivation of these organisms was not significantly governed by 
electrostatic interactions. Solution pH also had no influence on the percentage of E. faecalis 
or MS2 bacteriophage detected on the SMZ. However, lowering the pH of PBS to pH 3 
enabled 45% of the E. coli seeded to be cultured from the SMZ fraction, compared to 23% 
cultured from the SMZ in solutions at a neutral pH. Selective recovery of E. coli (gram-
negative bacteria) from water by the SMZ could be enhanced in acidic solutions containing 
low concentrations of divalent cations. 
When MS2 bacteriophage were mixed with SMZ in dH2O, all of the MS2 were detected in the 
liquid suspension indicating that very little or none had attached to SMZ (See Table 9). If the 
surfactant was released from SMZ when suspended in dH2O, as mentioned above, it appears 
that MS2 bacteriophage was not susceptible to the antimicrobial properties of HDTMA-Cl. 
If the MS2 bacteriophage was resistant to the antimicrobial effects of unbound surfactant, it 
would be expected that significant proportions would be attached to SMZ However, as 
mentioned above there was very little MS2 bacteriophage detected on the SMZ in PBS using 
conventional plaque assays. It may be that the phage was irreversibly adsorbed to the SMZ 
surface rendering it unable to infect host cells or that the virus cells are inactivated upon 
adsorption. Inactivation has been shown previously for the adsorption of influenza virus on 
hydrophobic polycationic surfaces (Hsu et al. 2011). Hsu et al. (2011) demonstrated that 
following adsorption of the influenza virus to hydrophobic cation-modified surfaces, virus 
cells burst and released viral RNA into solution, leaving only the viral protein attached to the 
adsorbent. This could explain why low proportions of MS2 bacteriophage were quantified 
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using molecular (RT-qPCR) detection assays. Alternatively more than 90% of the MS2 
bacteriophage could have been attached to the SMZ in the zeolite pore spaces meaning that 
they were unable to be detected using the methods described here . Finding a suitable 
method to detect and quantify virus and/or viral proteins on the SMZ is needed and could be 
the focus of further investigation.  
In contrast SZ were shown to separate significant proportions of viable (cultivable) 
microorganisms from water. Synthetic zeolites have previously been modified by silanisation 
processes and incorporated as nano-sized particles in filter membranes to separate gases 
(Mahajan and Koros 2002), but no information was found on the modification of natural 
zeolitized tuff by APTES, or on the ability to attach viable bacteria and viruses onto silane- 
modified natural zeolitized tuff. Attachment of microorganisms to SZ in this study appeared 
consistent with studies using silane-modified silicon surfaces to tether viable bacteria and 
viruses to the surfaces by covalent bonding (Bearinger et al. 2009). All of the 
microorganisms that were removed from the suspension were detected on the SZ by culture-
based assay and therefore PCR techniques were not necessary to confirm isolation.  
Isolation of bacteria from suspension by the SZ was greatest in deionised H2O with 55% of 
E. coli, 66% of E. faecalis detected on SZ and was similar in deionised H2O and PBS for 
MS2 bacteriophage. Higher sorption of microorganisms was expected in deionised H2O 
because of the slightly positive zeta potential of the SZ and therefore, according to the DLVO 
theory (Derjaguin and Landau 1941, Verwey and Overbeek 1948), the SZ would more 
readily adsorb negatively charged particles like bacteria and viruses. Also, because of the 
positive zeta potential it was expected that ionic strength would not enhance SZ isolation and 
was consistent with the results obtained. However the attachment of bacteria to the SZ was 
slightly higher in acidic solutions and under these conditions acid-base interactions may also 
influence attachment and cause a deviation from the DLVO theory (Salerno, Logan, and 
Velegol 2004). The attachment of MS2 bacteriophage to the SZ was similar in acidic to basic 
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solutions and may not be influenced by acid-base interactions presumably because of the 
different cell-protein structures of viruses. 
Increasing the amount of the SMZ or SZ used in batch adsorption studies did affect the 
percentage of bacteria cultured from the modified zeolites but not for MS2 bacteriophage. 
Increasing the amount of the SMZ used by ten-fold (100 mg/ml), increased the percentage of 
E. coli on the zeolites but it was still less than 50% of that seeded. Increasing the amount of the 
SZ used to 100mg/ml meant that 70% of the seeded E. coli and 90% of the seeded E. 
faecalis were attached to and detected on the zeolites. The advantage, however, of increasing 
the amount of SZ used would have to be weighed up against decreasing the concentration-
factor and would probably vary according to the purpose to which SZ was applied. 
Adsorption isotherms for both types of the modified-zeolites with the microorganisms were 
strongly correlated with the Freundlich model, which has also been shown for the adsorption 
of microorganisms to soils (Nola et al. 2005). Sorption of E. coli on the SMZ, according to 
the Freundlich isotherm model, was consistent with the removal (log10 values) of E. coli by 
SMZ and may be due to chemical interactions (Foo and Hameed 2010) and appeared 
consistent over the seeding densities investigated. It is possible that the number of bacterial 
adsorption sites on SMZ was higher than the seeding densities tested or, more probably, 
some bacteria were inactivated by the surfactant used for the surface modification which 
meant that inactivation may have played a more substantial role in removal than sorption. 
Multilayer sorption of MS2 bacteriophage by SMZ was predicted according to the 
Freundlich models and was consistent with the high proportion of MS2 bacteriophage 
removed (1.72 log10) over the seeding densities investigated. It should be acknowledged 
however, that the MS2 bacteriophage removed was not detected, as mentioned above. 
Adsorption isotherms could not be determined for E. faecalis on SMZ, due to apparent toxicity 
of the unbound surfactant, with no viable cells detected following contact with the SMZ, as 
noted above. 
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Saturation of sorption sites for E. coli and MS2 bacteriophage on the SZ was apparent and 
was consistent with Freundlich ‘n’ values greater than 1 and meant that adsorption was more 
likely due to physical as opposed to chemical processes (Foo and Hameed 2010). Less MS2 
bacteriophage was removed by the SZ at seeding densities 104 and 105 virus cells per milliliter 
and the proportion of E. coli removed by SZ was decreasing and may be further reduced at 
concentrations greater than 106 cells per millilitre.  Higher seeding concentrations were not 
relevant to the study because of the low numbers of microorganisms in environmental 
waters and were not investigated. A greater number of adsorption sites for E. faecalis on the 
SZ was apparent and was supported by predictions of multilayer adsorption due to chemical 
interactions according to Freundlich ‘n’ values less than one (Foo and Hameed 2010). 
The difference in sorption of E. faecalis compared to E. coli by the SZ suggests that the 
mechanism of sorption is likely to be different for gram-positive and gram-negative bacteria 
and selective separation from mixed microbial populations may be an option using modified 
zeolites. 
The adsorption affinity for SMZ and SZ, predicted by the Freundlich constant ‘k’, was 
highest for MS2 bacteriophage compared to E. coli and E. faecalis and this may be due to the 
smaller particle size of viruses. A comparison between the adsorption affinity (predicted by 
the Freundlich ‘k’ values) and the percentage of E. coli detected on the two types of modified 
zeolites however, revealed the need for careful interpretation of adsorption isotherm 
parameters.  According to the isotherm model, a higher adsorption affinity for E. coli was 
shown for the SMZ, despite the fact that similar percentages of E. coli were detected on both 
types of modified zeolites. Adsorption isotherms are derived from the removal of adsorbates 
from suspensions (Kinniburgh 1986) and assume that other factors like the inactivation of 
microorganisms does not play a part in the removal. It is possible that the ‘actual’ affinity for 
adsorption of E. coli to the SMZ and SZ was similar, but the inactivation of bacteria by the 
SMZ influenced the affinity calculated using the sorption isotherm models. This has 
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important implications for the use of adsorption isotherms to predict and/or compare the 
efficiency of different adsorbents for isolating microorganisms, especially when inactivation is 
possible. 
Chemical modification of the zeolites enhanced the ability to isolate bacteria and virus from 
liquid suspensions without the need for specialised equipment. This could be especially 
important to isolate multiple microorganisms from water, and not necessarily just faecal 
indicator microorganisms. Separation was performed in 10 minutes using simple agitation 
and sedimentation. However HDTMA-Cl modification of NZ appeared unstable and has been 
reported before (Li et al. 1998, Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). It is 
possible that the removal of some microorganisms from suspensions was high using SMZ in 
the present study due to inactivation by unbound surfactant, especially for the gram-positive 
bacteria E. faecalis. Inactivation may however be overcome by adding low concentrations of 
divalent cations. Between 45 to 50% of the seeded E. coli were detected on the SMZ in CaCl2 
solutions and, because the bacteria was able to be cultivated the viability of adherent cells 
was shown. These findings support the feasibility to alter water conditions to enhance the 
isolation of viable microorganisms by SMZ for use in subsequent detection assays. Removal of 
MS2 bacteriophage by the SMZ was high in all experiments and inactivation by unbound 
surfactant was unlikely, but other processes following adsorption were believed to prevent 
the detection of virus post-attachment and need to be further investigated to verify the 
suitability of SMZ to separate virus from water. 
Silane-modified zeolites, on the other hand, were not associated with inactivation and 
significant proportions of E. coli (55%), E. faecalis (66%) and MS2 bacteriophage (27%) 
were detected on the SZ and using conventional culture-based assays. Isolation by SZ was 
consistent over a range of ionic strength and pH levels and should be investigated further in 
environmental waters.  The advantage of no toxicity and functional binding of APTES to the 
zeolite surfaces, as well as the substantial affinity towards bacteria and a positive affinity 
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towards viruses, make silanised zeolites a promising approach for separating multiple 
microorganisms from a range of water types. 
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Chapter 5: Production and use of a recombinant bacteriophage 
endolysin cell-wall-binding-domain protein to isolate Enterococcus 
faecalis from water 
 
5.1 Summary 
 
Bacteriophage possess specific-recognition proteins to attach them to the cell walls of their 
bacteria host and these proteins can be synthesised and used as highly-specific capture 
molecules for isolating target bacteria from water and this application was demonstrated 
here. The bacteriophage endolysin enzyme has a modular structure including a domain for 
attachment (cell-wall-binding-domain – CWBD) and a lytic domain. Containing only the 
CWBD, a recombinant biotinylated protein was designed using the PlyV12 endolysin amino 
acid sequence to specifically bind to E. faecalis cell wall carbohydrate ligands and was 
produced using a commercial bacterial expression system. The protein did not display lytic 
activity towards E. faecalis (ATCC 29212) at concentrations of up to 50% v/v in PBS. When 
bound to streptavidin magnetic beads, the capture protein isolated 37% of E. faecalis (seeded 
at 103 cells per millilitre) compared to 0% capture by the beads without the protein. 
Attachment to natural zeolitized tuffs was also investigated as a more-cost effective solid 
support than magnetic beads, but the zeolites did not appear to adsorb the protein and the 
isolation of E. faecalis from liquid suspensions was not improved. Zeolites that had been 
modified by a silanisation process did however adsorb some of the capture protein, 
presumably because amino-silane functionalization better directed protein attachment to the 
zeolite surface. When tested for the ability to isolate E. faecalis, the capture protein attached to 
the silanised zeolites, isolated more E. faecalis from the liquid suspensions (90%) than the 
silanised zeolites without the protein (60%). This was not shown for E. coli indicating that the 
capture-specificity for E. faecalis was increased. The protein produced and used in the present 
study was not fully purified by the methods tested and may have been degraded during the 
105 
 
re-folding process. Further work is required to better understand protein folding and 
conformation for other capture proteins. Advancements in recombinant protein technologies 
could enable the production of functional specific-capture proteins and attached to silanised 
zeolites could be a promising capture system for separating bacteria from water 
 
5.2 Introduction 
 
High numbers of Enterococci in recreational waters have been shown to be strongly 
correlated with incidences of gastro-intestinal illness (Wade et al. 2006, Wade et al. 2003) 
and these  bacteria  are  monitored  in  marine  recreational  waters  by  water professionals 
to evaluate the risk to public health (USEPA 2002a).  Using the currently accepted culture-
based methods, detection of  E. faecalis requires 18  to 24  hours (USEPA 2002a) and this 
creates the problem of the public being exposed to potentially unsafe water before the results 
become available (Haugland et al. 2005b, Noble and Weisberg 2005).  Recreational 
facilities have been closed unnecessarily because the numbers of Enterococci are often 
reduced to safe levels by the time the monitoring results are provided (Leskinen and Lim 
2008, Wade et al. 2006).  The need to develop a method to capture and identify indicator 
bacteria in recreational waters within 2 hours was highlighted as a priority during the 2007 US 
EPA congress (Bushon et al. 2009).  Several rapid molecular and immuno-detection methods 
including biosensors, colourmetric, visual fluorescence and lateral flow technologies, have 
been evaluated as methods to increase the speed of surveillance for waterborne bacteria 
compared to the conventionally used culture-based assays (Noble and Weisberg 2005, Straub 
and Chandler 2003). Many of these methods require less than 2 hours and have been shown to 
be suitable for use in the field (Baeumner et al. 2002, Noble and Weisberg 2005, Straub 
and Chandler 2003).  However, one impediment to applying these rapid detection methods is 
the specialised sample preparation needed to isolate microorganisms that are present in low 
numbers in water into sample volumes of 1 ml or less required for rapid detection platforms 
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(Noble and Weisberg 2005, Straub and Chandler 2003). Antibody or immuno-capture has 
been used extensively to isolate target microorganisms from mixed suspensions (Broadaway, 
Barton, and Pyle 2003, Hill et al. 2009, Lee and Deininger 2004, Noble and Weisberg 2005, 
USEPA 2005) and has been described for the isolation of E. faecalis from recreational waters 
(Bushon et al. 2009, Lee and Deininger 2004). Problems have however been described in 
antibody-capture studies. The binding specificity in natural waters was variable and the high 
cost of antibodies has led other researchers to investigate alternative capture molecules, 
including the production of ‘designer’ recombinant antibodies using bacterial expression 
systems (Banada and Bhunia 2008). 
Another option is to produce recombinant capture-proteins that also possess highly specific 
binding properties, such as the bacteriophage endolysin proteins (Kikkawa et al. 2007, Loessner 
2005, Loessner et al. 2002). Endolysins are murein hydrolases that are produced by 
bacteriophages to assist with the release of virions from the host (Loessner 2005). They have a 
modular structure that typically comprise an N-terminal enzymatic domain that inhibits 
peptidoglycan synthesis or cleaves bacterial peptidoglycans and a highly evolved C-terminal 
cell wall binding domain (CWBD) that directs the enzyme to their substrates (Kikkawa et al. 
2007, Loessner et al. 2002). Cell-wall binding domain proteins specifically recognise and bind 
to unique carbohydrate ligands in host bacterial cell walls (Kikkawa et al. 2007, Loessner et al. 
2002).  A functional recombinant endolysin CWBD protein for Listeria spp. has been produced 
and attachment of these proteins dH2O to magnetic beads and was able to isolate Listeria spp. 
from food with a similar specificity to monoclonal antibodies (Kretzer et al. 2007). 
The amino acid sequence for E. faecalis bacteriophage lytic enzyme PlyV12 has been 
described previously (Yoong et al. 2004) and was used in the present study to produce a 
recombinant  biotinylated  CWBD  protein  using  the  PinPoint™  (Promega)  E. coli 
bacterial expression system. The PlyV12 lytic enzyme has been shown to have a broad host 
range including antibiotic-resistant E. faecalis and E. faecium (Yoong et al. 2004) and 
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therefore was expected to bind to the E. faecalis strain used in the present study. The 
CWBD protein incorporated the C-terminal portion of PlyV12 with a small overlap into the N-
terminal domain, similar to that used by Loessner et al., (2002) to produce functional 
Listeria bacteriophage endolysin CWBD proteins.  Magnetic bead capture has been shown to be 
a useful tool to isolate or separate bacteria in natural samples (Kretzer et al. 2007, Lee and 
Deininger 2010) and was chosen in the present study to initially demonstrate the affinity of 
the PlyV12 CWBD (specific binding protein) for E. faecalis. Magnetic beads can be expensive 
and therefore the attachment of the capture-protein to a naturally abundant mineral such as 
natural zeolitized tuffs was a priority.  
Adsorption of proteins by NZ has been investigated before and was shown to be selective (Klint 
and Eriksson 1997) and therefore it was unknown how or if the protein would be adsorbed by 
the zeolites tested.  Modification of surfaces with amino-silanes has been used to enhance the 
immobilisation of functional proteins (Liu et al. 2004) and therefore the surfaces of the NZs 
were treated using a similar silanisation procedure to test whether this type of modification 
would be any better at adsorbing the protein than the un-treated NZ. 
 
5. 3 Materials and Methods 
 
5.3.1 Preparation of PlyV12 CWBD 
 
The CWBD amino acid sequence of PlyV12 endolysin, described by Yoon et al., (2004), was 
commercially synthesised and cloned into GenScript pUC51 holding vector (GenScript Inc., 
USA). The plasmid containing the specific binding protein sequence was transformed using 
the heat shock method (Sambrook, Fritsch, and Maniatis 1989) into BL21-AI™ One Shot® 
Chemically Competent E. coli cells (Invitrogen, Australia). Transformation was confirmed 
following overnight culture on Luria-Bertani (LB) agar (10 g tryptone, 5 g yeast extract, 10 g 
NaCl, 15 g agar, 950 ml dH2O) with 50 µg per millilitre ampicillin (Sigma-Aldrich) followed 
by PCR using DNA boiled from a single colony in 50 µl of PCR grade water. The PCR 
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cycling conditions used were; 95°C for 4 minutes, 30 cycles of 95°C for 30 sec, 50°C for 30 sec 
and 72°C for 1 minute and a final extension step at 72°C for 10 minutes. A single PCR 
positive colony was grown overnight at 37°C in 10 ml LB broth containing 50 µg/ml AMP 
(Sigma-Aldrich) and was plasmid purified using QIAprep Miniprep System (Qiagen, 
Australia) according to manufacturer’s instructions. 
The plasmid was cut using Xho1 restriction enzyme (New England Biolabs Inc., USA) and 
the DNA separated on a 1% agarose gel in TAE buffer at 80V for 1 hour. The specific 
binding protein PCR-product (624 bp) was gel purified using a QiaQuick™ Gel Extraction kit 
(Qiagen, Australia) according to the manufacturer’s instructions. Ligation into the PinPoint™ 
Xa-1 bacterial expression system (Promega, USA) at the Xho1 restriction site was 
performed using pGEM®-T-easy ligation kit (Promega, USA) according to the manufacturer’s 
recommendations.  The PinPoint™ bacterial expression system produces a recombinant fusion 
protein with a 13 kDa biotinylated tag.  The primer sequences used to amplify the target 
genetic sequences are provided in Table 15. 
 
Table 15: The forward and reverse primer sequences used to amplify the PlyV12 
CWBD fragment. Source: (Haugland et al. 2005) 
 
Sequence (5` to 3`) 
 
PlyV12F Primer 
 
CAG ATT CAC TGT ACA TGG 
PlyV12R Primer CTT AAA TGT ACC CCA TGC TTC C 
 
Ligation products were also transformed via the heat-shock method into BL21-AI™ One Shot® 
chemically competent E. coli cells (Invitrogen, Australia). Other strains of chemically 
competent E. coli cells were also used to determine optimal expression of the specific binding 
protein and were Top10™ E. coli cells (Invitrogen, Australia), PlysS™ and JM109™ E. coli 
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cells (Promega, Australia). The presence of PlyV12 CWBD in the correct sequence orientation 
was confirmed by the production of a PCR of the correct size, determined as above in Section 
5.3.1 followed by genetic sequencing. 
Cultures of chemically competent E. coli cells containing the specific binding protein 
sequence were grown overnight at 37°C with shaking and 1 ml was added to 9 ml of LB plus 
AMP and 2 µM Biotin (Sigma Aldrich). After 1 hour growth, isopropyl-D-1- 
thiogalactopyranoside (IPTG; Sigma Aldrich) was added to a final concentration of 1 mM. 
Samples were analysed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Western Blot (WB) was performed on sub-samples removed at 2, 4 and 6 hours 
and overnight growth, using standard methods (Sambrook et al., 1989). Briefly, cell pellets 
were isolated by centrifugation at 9000 × g for 1 minute, resuspended in 50 µl SDS loading 
buffer (100 mM Tris-Cl pH 6.8, 4% w/v SDS, 0.2% w/v bromophenol blue, 20% v/v 
glycerol, 200mM β-mercaptoethanol), boiled for 10 minutes and separated on 12% SDS-
Polyacrylamide gels at 200 V for 1 hour using the Mini-Protean® 3 Cell (BioRad, Australia). 
Commassie Brilliant Blue (Bio Rad, Australia) was used to stain total proteins. Gels were 
transferred to Trans-Blot® nitrocellulose transfer medium (Bio Rad, Australia) for 30 
minutes at 15 V using a Trans-Blot® Semi-Dry Transfercell (Bio Rad, Australia) for 
subsequent WB analysis. Membranes were blocked in 1% skim milk in tris buffered saline 
(TBS; 8 g NaCl, 0.2 g KCl, 3 g Tris base 1 L dH2O, pH 7.4, (Sambrook et al., 1989) 
containing 0.05% v/v Tween-20 (BioRad, Australia) for 30 minutes, washed 3 x with TBS-T, 
and incubated in Streptavidin Alkaline Phosphatase (Promega, USA), diluted in TBS, for 30 
minutes. Western Blue® Stabilised substrate for alkaline phosphatase (Promega, USA) was 
used to visualise the reaction. 
Larger volumes of the protein were produced in the E. coli strain identified to over- 
express the specific binding protein in the greatest quantities (from previous experiments 
described above). Transformed cells were grown as described above and were isolated from a 
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one litre culture by centrifugation at 8000 × g for 30 minutes at 4°C and frozen at -80°C. 
 
5.3.2 PlyV12 CWBD protein purification 
 
Protein purification was performed similarly to that described elsewhere (Brown et al., 1998). 
Briefly, the cell pellet was thawed on ice and resuspended in 10 ml of cell lysis buffer (25% 
w/v sucrose, 1 mg/ml lysozyme, 1mM EDTA and 50 mM Tris-HCl pH 8.0) at 4°C. Cells were 
sonicated (Sonicator®, Heat Systems Inc., New York) on ice for 10 pulses at a 50% duty cycle 
according to the manufacturer’s recommendations.  Insoluble inclusion bodies were isolated by 
centrifugation at 5000 × g for 30 minutes at 4°C and resuspended in detergent buffer (0.2 M 
NaCl, 1% w/v sodium deoxycholate, 2 mM EDTA and 20 mM Tris-HCl pH 7.5), then 
isolated by centrifugation at 10 000 × g for 15 minutes 4°C and washed twice with 1 mM 
EDTA pH 8 with 0.5% Triton X-100. The remaining insoluble fraction was resuspended in 6 
M Urea in buffer A (150 mM NaCl, 1.5 mM MgCl2, 50 mM Tris-HCl pH 7.5) and gently 
rotated for 3 hours at 4°C. Samples were analysed for total and biotinylated protein by SDS-
PAGE and WB as above (Section 5.3.1).  
The soluble fraction containing the protein was dialysed at 4°C using Snakeskin® Pleated 
Dialysis Tubing, MWCO of 10 000 (Pierce, Progen Biosciences, Australia) as follows; 
overnight in 4 M urea in buffer A; 5 hours in 2 M urea in buffer A; overnight in 1 M urea in 
buffer A and equilibrated against buffer A for 24 hours. Potential loss of the protein throughout 
dialysis was investigated in subsamples removed at each change of solution and the sub-
samples were analysed by SDS-PAGE and WB as above. 
Further purification by size-exclusion gel filtration chromatography was used to separate the 
smaller proteins and Sephadex® G-50 (GE Healthcare, Australia) columns were trialed to 
separate the smaller proteins (MWCO < 30 000) from the larger proteins in the dialysed 
protein suspension. The column was prepared by ‘swelling’ 1 g of Sephadex® G-50 (Sigma-
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Aldrich, Australia) in 10 ml TBS at 90 °C for 1 hour. The resin was allowed to settle and 
the majority of the TBS removed leaving approximately 75% resin and 25% TBS. The resin 
solution was poured into a 10 ml column (BioRad, Australia) and was packed by passing 3 x 
10 ml volumes of TBS through the column. The cell pellet from 4 ml of the lysate was 
solubilised in 1 ml of 6 M urea and was passed through the column at 4 °C. The flow 
through was collected into 5 separate fractions each comprising approximately 200µl of the 
dialysed protein. The column was then washed with 10 ml of TBS. Sub-samples of each 
fraction and from the TBS wash were analysed by SDS-PAGE and WB, as above. 
 
5.3.3 PlyV12 CWBD lytic activity against E. faecalis 
 
Lytic activity of specific binding protein against the E. faecalis cells was assessed in 
triplicate by seeding 103 bacterial cells in 1 ml PBS containing 5, 10, 20 or 50% (v/v) of the 
dialysed protein. The number of viable bacterial cells was determined after 1 hour at room 
temperature using the standard plate count method detailed in the General Methods, Section 
2.2.  Suspension of E. faecalis in PBS served as the negative control. 
 
5.3.4 PlyV12 CWBD magnetic bead isolation of E. faecalis 
 
MyOne™ C1, MyOne™ T1, M270 and M280 Streptavidin Dynabeads® (Invitrogen Group, 
Norway) were coated with the specific binding protein by passive adsorption. Briefly, 10 µl 
of the protein suspension was diluted in 30 µl PBS and approximately 1-6 x 108 beads were 
added. Bead-protein mixtures were gently rotated at room temperature for 1 hour. The beads 
were washed twice with 100 µl of PBS using magnetic separation between washes. Western 
blotting was performed as above to verify the presence of the protein on the magnetic beads. 
The suspensions were seeded at 103 to 104 cfu E. faecalis in 500 µl of PBS containing 108 un-
treated magnetic beads or 108 protein coated magnetic beads. Isolation was assessed at 60, 
120 and 240 minutes by separating the beads from the matrix and plating the liquid suspension 
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on ENT using the dilution plate count method (General Methods Section 2.2). To test the 
specific binding protein affinity to E. faecalis the MyOne™, T1 beads with or without the 
protein attached were added to 500 µl of PBS containing equal numbers (108 bacteria cells 
per millilitre) of E. faecalis and E. coli.  After 1 hour of mixing 100 µl of the 
suspensions were placed on glass slides and binding was compared visually by light 
microscopy. 
 
5.3.5 PlyV12 CWBD-zeolite preparation 
 
The specific binding protein was mixed with the NZ or the silanised zeolites (SZ) in liquid 
suspensions to determine protein attachment via passive adsorption. The SZ used in this study 
were prepared according to the methods described in the General Methods Section 2. Binding 
of the recombinant protein to the zeolites was investigated by adding 1 gram of NZ or SZ 
in 2 ml of dH2O (controls) or in 1.8 ml of dH2O containing 200 µl of the protein suspension. 
Suspensions were gently rotated for 4 hours at 4°C, left to sediment for 5 minutes and washed 
in 3 changes of 2 ml dH2O by sedimentation.  Approximately 100 mg (wet weight) of each NZ 
preparation was boiled in 100 µl of SDS loading buffer and analysed by SDS-PAGE and 
WB to confirm attachment as described above. 
 
5.3.6 PlyV12 CWBD-zeolite capture of E. faecalis 
 
In triplicate 100 mg (wet weight) of NZ, NZ + PlyV12 CBD, SZ and SZ + PlyV12 
CWBD was suspended in 10 ml PBS containing E. coli and E. faecalis. The bacteria cells were 
derived from serial dilutions of overnight cultures and the actual concentration was not known. 
Dilution plate counts were used to determine the approximate numbers of bacteria seeded. 
Bacteria-zeolite (± specific binding protein) suspensions were slowly rotated at room 
temperature for 1 hour and left to sediment for 5 minutes before the zeolites were separated 
from the liquid suspension. The liquid suspension and the zeolites were plated separately on 
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the appropriate agar and incubated at 37°C overnight, as described in the General Methods 
(Section 2.2). Numbers of bacteria detected on the zeolites were compared. 
 
5.4 Results 
 
5.4.1 Production and semi-purification of PlyV12 CWBD 
 
Sequencing confirmed that cloning of the specific binding protein into the PinPoint™ 
(Promega, USA) expression system was successful (data not shown). Transformation into the 
four types of competent cells (BL21-AI™, Top10, PlysS and JM109) was shown by the 
presence of a 624 base-pair product detected on the agarose gel after the DNA from the 
colonies of bacteria was amplified by PCR (Figure 20). 
 
 
Figure 20: Agarose gel electrophoresis of PCR products amplified from DNA extracted 
from BL21-AI™, TOP10, PlysS and JM109 chemically competent E. coli cells after 
transformation (PlyV12 CWBD). 
 
The cells expressed a recombinant protein of the correct size and protein production was 
highest in BL21-AI™ E. coli cells at 4 or more hours of growth after IPTG induction 
(Figure 21). The smearing seen in lanes 9 and 10 indicated a higher content of biotinylated 
protein(s) expressed by Bl21-AI™ E. coli cells at 6 hours and overnight growth.  The 
protein produced after 6 hours growth was used in subsequent purification and capture 
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experiments. 
 
Figure 21: WB of protein produced by four types of chemically competent cells (BL21-
AI™, TOP10, PlysS and JM109) grown for 2, 4 or 6 hours post IPTG induction or 
grown overnight after induction. Protein produced by Bl21-AI cells at 4 - 6 hours and 
after overnight growth is circled. 
 
Analysis by SDS PAGE indicated that the detergent washes were better at solubilising the 
non-target proteins but some of the target protein was also lost (Figure 22). Washing in Triton 
X gave similar results. Much of the PlyV12 CWBD protein was present in the insoluble 
fraction of the cell suspension. This fraction was solubilised in 6 M urea and, whilst this 
preparation was not pure (as shown by multiple protein bands), the largest proportion of protein 
was consistent with the size expected for the PlyV12 CWBD protein. 
 
 
Figure 22: SDS-PAGE stained with Coomassie Brilliant Blue for total proteins 
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produced by BL21-AI™ E. coli cells and the proteins detected in each fraction 
collected during purification and solubilisation. 
 
Proteins solubilised under harsh chemical solubilisation conditions, such as in 6 M urea, 
undergo a change in structural conformation and do not usually retain bioactive functioning 
(Singh and Panda 2005). Dialysis was investigated for the ability to restore the protein 
conformation and bioactivity and Western blot analysis demonstrated that the target specific 
binding protein was not lost during this process (Figure 23). 
 
 
Figure 23: Western Blot of the PlyV12 CWBD protein after solubilisation in 6 M urea 
(pre-dialysis) and the same protein after dialysis using a MWCO 10 000 (duplicates). 
 
Two main biotinylated proteins were seen by WB and the larger one was consistent with the 
size expected for the PlyV12 specific binding protein (~39 kDa) (Figure 23). Attempts to 
separate this and the smaller biotinylated protein (~20 kDa) by size exclusion gel 
chromatography were initially successful and the smaller protein did not pass through the 
column (Figure 24 A). However size exclusion replicates were not consistent and, in one 
replicate a small amount of the smaller protein did pass through the column and in another 
replicate a noticeable amount of the smaller protein passed through the column (Figure 24 B 
& C). Bands were identified on the WB initially after staining but faded quickly and 
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therefore the faint bands were circled to highlight their presence. The fraction of the 
protein suspension that contained only the larger biotinylated protein (Fraction 1) was used 
in subsequent magnetic bead capture experiments. Only biotinylated proteins would attach to 
the streptavidin magnetic beads via avidin-biotin interactions and therefore only the specific 
capture protein should be attached to the beads. 
 
 
Figure 24: Western Blot of the biotinylated proteins after the binding of smaller (<25 
kDa) proteins to a Sephadex G-25 column. Each gel represents a separate column used 
to test this method. Faint staining was circled and appears consistent with the size of the 
biotin carboxyl carrier protein (BCCP) (~16.7 kDa). 
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5.4.2 Lytic activity of PlyV12 CWBD towards E. faecalis 
 
There was no difference in the number of E. faecalis detected from suspensions containing 0 
to 50% (v/v) of the dialysed specific binding protein (p > 0.05) (Table 16).  Therefore the 
growth of E. faecalis on agar using culture-based assays was not affected by the protein 
produced here. 
 
Table 16: The number of viable E. faecalis cells (seeded at 1.9 x 103 cells per 
millilitre) detected by growth on agar after one hour in PBS containing 0 to 50% (v/v) 
PlyV12 CWBD recombinant protein (n = 3). 
 
 
 
 
 
5.4.3 PlyV12 CWBD capture of E. faecalis using streptavidin magnetic beads 
Binding of the specific binding protein to the four types of magnetic streptavidin Dynabeads® 
(MyOne™ C1, MyOne™ T1, M270 and M280) (Invitrogen, Australia) that were tested 
was confirmed by SDS-PAGE and WB (Figure 25). Not all of the protein in the suspension 
was adsorbed by the magnetic beads, but the attachment of a detectable amount (by WB) of 
the protein was shown. Several other proteins or recombinant protein derivatives were seen to 
be attached to the magnetic beads as well as in the protein suspension after binding to the 
beads as evidenced by multiple banding on the WB. 
 
 
Concentration of 
 
PlyV12 CWBD in PBS (%) 
 
E. faecalis (cfu/ml) 
 
(± SD) 
 
0 1.9 x 103 (± 140) 
 
5 
 
2.0 x 103 (± 300) 
 
10 
 
1.6 x 103 (± 360) 
 
20 
 
1.8 x 103 (± 170) 
 
50 
 
1.7 x 103 (± 120) 
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Figure 25: Western Blot for binding the specific binding protein to four types of 
Dynabeads® (MyOne™ C1, MyOne™ T1, M270 and M280) and the amount of 
protein remaining in the suspensions after adsorption by the beads. 
 
Magnetic beads without the specific binding protein did not isolate E. faecalis from 
suspensions (Figure 26). However, when protein was adsorbed to the surfaces, the 
MyOne™ T1 and M280 beads removed 25 to 37% of E. faecalis from the suspension after 
60 minutes. Other types of beads (M270 and MyOne™ C1) also isolated E. faecalis when 
coated with PlyV12 CWBD but results were variable and were not significantly different to 
removals obtained using the beads alone (p > 0.05). Isolation of E. faecalis by the protein-
coated MyOne™ T1 beads was highest, with 37% (± 2) of bacteria isolated compared to 0% 
(± 8) by the unmodified beads but isolation did not increase over time (Figure 26). 
Suspensions of magnetic beads that were spiked with E. faecalis and E. coli showed that the 
MyOne™ T1 beads coated with the specific binding protein were associated with a higher 
number of E. faecalis cells compared to the number of E. coli cells surrounding the beads 
(Figure 27). However some E. coli cells were also see adjacent to the protein coated beads.  
When the protein was not attached to the beads, there was minimal interaction between 
any of the bacteria and the MyOne™ T1 beads. 
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Figure 26: Comparison of four types of Dynabeads® (either with or without capture-
protein) to isolate E. faecalis from liquid suspensions as a function of time. Values are 
the percentages of bacteria remaining in the suspension following bead- capture. 
 
A) B) 
 
 
 
Figure 27: Light microscope visual analysis of the affinity of E. coli and E. faecalis 
(identified by gram staining) for MyOne™ T1 beads either without or with the 
PlyV12 CWBD protein attached.  A) MyOne™ T1 beads without the protein and, B) 
MyOne™ T1 beads with the PlyV12 CWBD attached. 
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5.4.4 PlyV12 CWBD attachment to natural zeolitized tuff and isolation of E. faecalis  
SDS-PAGE and WB assays confirmed that the capture protein was removed from the 
protein suspension by the NZ and the SZ, but the protein was not detected on the NZ after 
protein adsorption experiments and was only present as a very faint band in the SZ sample 
after sorption (marked by the circle) (Figure 28). 
 
 
Figure 28: Western Blot for binding the capture protein to the natural zeolitized tuffs 
(NZ) or the silanised zeolites (SZ) and the amount of protein remaining in the suspension 
after sorption to the zeolites. The circle depicts a faint band seen on the blot in the lane 
containing SZ plus the protein. 
 
In the zeolite ± protein experiments, the concentration of E. coli from overnight culture was 
determined to be almost five-fold more than that for E. faecalis. The NZs with or without 
the specific binding protein did not isolate significant proportions of E. faecalis or E. coli 
(Figure 29). However adsorption of the specific binding protein by the SZ increased the 
isolation of E. faecalis to 87% (± 22) (n = 4) compared to about 60% for the SZ alone. More 
E. coli cells were detected on the SZ than the NZ but did not increase for SZ plus the PlyV12 
CWBD protein. It should be noted that in some replicates culture-based assay results revealed 
more E. faecalis (cfu/ml) than the number seeded.  This indicates the possible limitation for 
accurate quantification of bacteria adherent to zeolites using culture-based assays. Nonetheless it 
121  
appeared that virtually all of the E. faecalis was removed by SZ plus the PlyV12 CWBD protein 
 
A)  E. faecalis     B) E. coli 
 
Figure 29: The number of bacteria removed from the liquid suspensions by regular 
(natural) zeolitized tuffs (NZ) ± PlyV12 CWBD or silanised zeolites (SZ) ± PlyV12 
CWBD. The dashed line indicates the number of bacteria seeded A) E. faecalis and B) 
E. coli.  Higher concentrations of E. coli were enumerated from the overnight cultures 
than E. faecalis and therefore more E. coli was present in the bacterial suspensions. 
 
5.5 Discussion 
 
Recombinant protein technologies have received much interest over recent years due in part 
to the need to produce a range of specific capture molecules for medical applications 
(Skerra 2007, Gronwall and Stahl 2009) as well as to produce capture- molecules for 
isolating bacteria in environmental samples (Banada and Bhunia 2008, Kretzer et al. 2007). 
For the latter, in one example a recombinant bacteriophage endolysin CWBD protein was 
produced and was shown to specifically isolate Listeria spp. from food (Kretzer et al. 2007). 
Similar findings were shown in the present study for the isolation of E. faecalis from liquid 
suspensions. Without the full N-terminal domain of the endolysin sequence, the PlyV12 
CWBD protein did not display lytic activity against E. faecalis. This was consistent with 
previous findings using the Listeria spp. bacteriophage endolysin CWBD recombinant 
protein (Kretzer et al. 2007). 
A range of E. coli host strains were tested in order to optimise protein production and the 
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BL21-A1™ E. coli cells were found to over-express PlyV12 CWBD in the greatest 
quantities, and a large proportion of the protein was insoluble in the bacterial inclusion 
bodies. The presence of recombinant proteins in the inclusion bodies has the advantage of 
simple isolation and potential purification (Singh and Panda 2005, Rudolph and Lilie 1996). 
However, solubilisation of inclusion bodies by strong chemical denaturants, like the urea used 
in the present study, changes protein structure and causes the loss of bioactivity (Dill and 
Shortle 1991). Step-wise dialysis to remove the denaturant allows the protein to re-fold to 
the native state and was used, but can be a slow process and exposure to the lower 
denaturant concentrations can cause protein degradation and affect the quality or 
functionality of the desired protein (Tsumoto, Arakawa, and Chen 2010, Tsumoto et al. 
2003). The presence of multiple protein bands after dialysis indicated that protein 
degradation may have occurred during the re-folding process. Protein degradation often 
occurs due to protease activity and the addition of EDTA or phenylmethane sulfonyl 
fluoride (PMSF) can reduce the problem (Simpson 2010). Future work in this area could 
include the use of such compounds to improve the amount of functional protein produced. 
One of the smaller bands visualised by WB was likely to be the Biotin Carboxylase- 
Biotin Carboxyl Carrier Protein (BCCP) that is naturally produced by E. coli cells (Fall et al. 
1971, Nervi, Alberts, and Vagelos 1971). Gel filtration size-exclusion chromatography could 
separate the smaller protein, leaving the PlyV12 CWBD protein as the only biotinylated 
protein remaining and was shown to be successful by WB. Only the biotinylated protein 
should bind to Streptavidin Dynabeads® because binding is via avidin-biotin interactions. 
Therefore the capture-protein on these beads should be relatively pure and it was this 
preparation that was tested for the ability to isolate E. faecalis from liquid suspensions. The 
PlyV12 CWBD protein did bind to all of the Streptavidin magnetic beads tested, but the 
MyOne™ T1 and M280 Dynabeads® with the PlyV12 CWBD protein attached isolated 
more E. faecalis cells within 60 minutes compared to the other types of beads. Isolation of E. 
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faecalis by these beads with the PlyV12 CWBD protein attached was around 30% compared 
to 0% by the beads without the protein. The other types of magnetic beads with the 
protein attached did also show some affinity for E. faecalis. Although the difference in 
isolation potential was not significant and may be because these beads were not specifically 
designed for protein binding (https://www.lifetechnologies.com/au/en/home/brands/product-
brand/dynal/streptavidin-coupled-dynabeads.html). Spiking experiments with mixed 
suspensions of E. faecalis, E. coli and the MyOne™T1 PlyV12 CWBD coated beads 
confirmed a greater affinity for E. faecalis over the gram-negative bacteria E. coli and re-
folding of the protein by dialysis appeared to produce a protein with at least some specific-
bioactivity. 
The positive results using magnetic bead capture lead to the investigation of NZ a n d  S Z  
as a solid support for the capture protein. The NZ are cheap to mine (US $50-$300 per 
tonne) (Armbruster 2001) and would be a more cost-effective solid support than magnetic 
beads. Analysis by SDS-PAGE and WB confirmed that the PlyV12 CWBD protein was 
removed from the protein suspension by the NZ and SZ, but if the protein was ‘adsorbed’ by 
the zeolites it was not obviously detected by WB on the NZ and the band was very faint 
for the SZ. Since the target protein was not detected on the NZ it was not surprising that 
the ability to isolate E. faecalis from liquid suspensions was not improved. It may be that 
the recombinant protein conformation was altered by adsorption to the NZ, similar to 
previous findings for a recombinant cutinase enzyme on a different type of NZ (Serralha et al. 
2001). To stabilise the attachment of recombinant proteins to zeolites, novel zeolite-specific 
peptide linkers have been described (Nygaard, Wendelbo, and Brown 2002) and could 
possibly improve the attachment of bioactive PlyV12 CWBD protein to the NZ used. 
Peptitde linkers were recently described to enhance the stable binding of a Cryptosporidium 
antibody to zeolites and the bound antibody was functional and was shown to isolate this 
pathogen from water (Sunna, Chi, and Bergquist 2013b, a).  However, in this study stable 
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attachment of the recombinant protein was evaluated using silanised zeolites.  
The modification of surfaces with amino-silanes has been shown to improve the attachment 
of functional proteins to surfaces (Liu et al. 2004) and similar results were shown in the 
present study were shown for SZ. The SZ coated with the PlyV12 CWBD protein, despite 
only a small amount of protein being detected on SZ, removed almost 90% of the E. faecalis 
seeded compared to 60% by the SZ without the protein. The PlyV12 CWBD protein bound 
to the SZ also exhibited selectivity for E. faecalis over gram- negative coliform bacteria 
E.coli, similar to that seen for the PlyV12 CWBD coated magnetic beads mentioned 
above. Covalent bonding between the PlyV12 CWBD protein and functional amino-
moieties on the SZ surface is believed to be responsible for adsorption, as shown before for 
the binding of other proteins to silanised surfaces (Liu et al. 2004). Surface- modification by 
silanisation has also been used by others to tether live bacteria to solid surfaces (Popovic et 
al. 2007, Bearinger et al. 2009). Important to the purpose described, the high number of E. 
faecalis cells removed by SZ with PlyV12 CWBD was also detectable using culture-based 
assays and, without the need for elution from the zeolite-protein substrates. Culture-based 
assays did however seem to provide somewhat variable results, evident by greater cultivation 
of E. faecalis on SZ with PlyV12 CWBD than the number seeded in some replicates (See 
Figure 29). This does highlight the variability associated with cultivation as a detection tool.  
The fact that microorganisms were not eluted from zeolites prior to detection could be 
problematic to their detection. Although if the bacteria cells were clumped or linked in chains 
to an adsorption site on the zeolites, then only one colony would form on agar and this would 
lead to an underestimate of attachment.  Therefore it is possible that all cells, or at least more 
that was revealed in this study, were adsorbed by SZ plus PlyV12 CWBD. 
The production of a bioactive PlyV12 CWBD does require further investigation to optimise 
production, purification and functionality. Difficulties in purifying the recombinant protein 
was experienced and has been described previously (Fang and Ewald 2004). Other E. coli 
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protein expression systems or gram-positive Bacillus spp. expression systems have been 
shown to be better at secreting functional recombinant proteins (Terpe 2006), and could be 
investigated for the production of a PlyV12 CWBD protein with higher purity and 
functionality than that described here. The current study was limited by time and cost 
constraints and therefore these options were not pursued. Further optimisation of protein 
binding by NZ could also be investigated using a novel zeolite-specific peptide linker to 
stabilise the attachment of recombinant proteins (Nygaard, Wendelbo, and Brown 2002, 
Sunna, Chi, and Bergquist 2013a, b). However, it is possible that the process of 
silanisation is just as efficient as the linker technology and the process of silanisation may 
be cheaper than producing peptide linkers. Nevertheless, a specific recombinant PlyV12 
CWBD capture-protein for E. faecalis was produced which is the first step in developing a 
simple and specific capture method for water-borne bacteria as an alternative to antibody-
capture. The method described was performed in 60 minutes and may be suitable for use in 
conjunction with rapid detection assays to fulfil the US EPA aim to detect E. faecalis within 2 
hours (Bushon et al. 2009). Advances in recombinant protein technology could streamline 
the production of designer capture- proteins for separating microorganisms from water.  
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Chapter 6: Isolation of indicator bacteria from bottled drinking 
water, sea and rain water and efficiency of zeolites to isolate 
environmental bacteria. 
 
6.1 Summary 
 
The type of chemical modification of NZ surfaces and the solution chemistry affects the 
ability of the NZ to isolate bacteria from liquid suspensions. Ionic conditions can therefore 
influence bacterial sorption and in light of this, we were interested to measure the 
performance of the NZ’s (unmodified, silanised and surfactant modified) in 
environmental samples. Three types of environmental waters were selected: Rain water 
that was collected off a suburban residential roof, ocean water and bottled natural spring 
water, all of which were collected aseptically into sterile Schott Bottles. The isolation 
rates of two indicator bacteria, E. coli and E. faecalis, spiked into the different water types 
was compared. The SZs were equally efficient at isolating spiked enteric bacteria in all three 
natural waters although it was confirmed that the level of SMZ isolation was low and, was 
likely to be the result of toxicity and inactivation, mentioned previously. It was interesting to 
investigate the ability of NZ, SZ and SMZ to isolate environmental bacterial strains which 
possess different surface properties to cultured strains and differential isolation was 
compared using deep sequencing. This work was important to understand the variation in 
bacterial sorption to NZ, SZ and SMZ and to advise on the appropriate bacterial isolation 
methods for different purposes and in different water sources. Community profiling using 
bar-coded pyrosequencing of 16S rRNA (>18,000 reads) was used to compare the total 
bacterial community with those captured by NZ or modified zeolites, using rain water as 
the example. Taxonomic comparisons (MEGAN and QIIME) and principle coordinate 
analysis suggested that SZ captured all bacterial groups effectively, with populations very 
similar to the total rain water populations. NZ captured the rain water population least 
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successfully and SMZ captured the most diverse, but least representative population, with 
a bias away from Enterobacteriacea towards gram positive groups such as Bacillus spp. It 
was possible to isolate and detect spiked bacteria and virus in environmental samples 
using SZ and this method should adequately reflect the microorganisms that are present in 
environmental samples. 
 
6.2 Introduction 
 
Environmental waters are extremely diverse in chemical nature and numerous methods to 
separate microorganisms have been tested (Aw and Rose 2012, Straub and Chandler 2003). 
Filtration using hollow-fibre membranes and vortex flow or continuous flow centrifugation 
can separate microorganisms from natural waters but they are generally laboratory based and 
their efficiency to detect microorganisms can be affected by membrane clogging or fouling 
(Skraber et al. 2009, Zarlenga and Trout 2004). Alternatively, microorganisms have been 
successfully separated by adsorption to suspended particles such as immunomagnetic beads 
(Safarik et al. 2012) and synthesised nanoparticles such as layered double hydroxides (LDH) 
or carbon nanotubes (Brady-Estevez et al. 2010, Deng et al. 2008, Jin et al. 2007, 
Upadhyayula et al. 2008, Upadhyayula et al. 2009). However some reduction in the adsorption 
efficiency was observed when these methods were tested on environmental waters in 
comparison to laboratory suspensions. 
The presence of other ions and microorganisms in natural samples affects the adsorption 
efficiency by competition for adsorption sites and has been reported for microorganisms on 
clays (Manning and Goldberg 1996). It is possible that clay surfaces could be chemically 
modified in a way that promotes the sorption of specific contaminants in water, such as 
microorganisms. For example, natural zeolitized tuff modified with a cationic surfactant was 
applied as a permeable filter media and removed greater that 90% of the bacteria and viruses 
from environmental waters (Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). The 
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present study aimed to determine whether NZ, in an unmodified form and also modified 
with a cationic surfactant or by a silanisation procedure, could also be equally efficient at 
removing bacteria from natural waters. Three types of environmental waters were chosen 
and were bottled drinking water, sea water and rain water that had flowed off a suburban 
roof. Drinking water and sea water are important to public health and are currently 
monitored for microbial contamination. Rain water run-off from a suburban roof was 
selected due to the increasing pressure to capture and use this water in Australia and would 
be relevant in other countries that encourage the use of rain water tanks (Dobrowsky, De 
Kwaadsteniet, et al. 2014, Dobrowsky, van Deventer, et al. 2014). Bottled drinking water was 
selected over potable tap water due to a potential need to also monitor this drinking water 
source due to concerns regarding microbial contamination (Falcone-Dias, Vaz-Moreira and 
Manaia 2012). 
The efficiency of NZ to isolate indicator bacteria in environmental water samples is 
important. However it would also be interesting to verify the selectivity or bias in capturing 
natural bacterial communities. This was investigated in an environmental rain water sample 
using bar-coded pyrosequencing and analysis. Pyrosequencing is a relatively new technology 
for community profiling (Aw and Rose 2012) but has been used to investigate the effect of 
different disinfection methods and salinity gradients on the microbial communities in 
environmental waters (Herlemann et al. 2011, Hwang et al. 2012). The use of 
pyrosequencing to verify microbial populations attached to zeolites has not been described 
previously. 
 
6.3 Materials and Methods 
 
6.3.1 Microorganisms and growth conditions 
 
Escherichia coli (E. coli) ATCC 11775 and Enterococcus faecalis (E. faecalis) ATCC 29212 
(BioBall™, BTF Pty Limited, Australia) were sourced and grown according to the methods 
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described in Section 2.2.1. 
 
6.3.2 Zeolites and chemical surface-modification 
 
NZ’s (Zeolite Australia Pty Ltd.) were used as detailed in Section 2.1 and chemical 
modifications of the zeolites were made according to procedures in Section 4.3.1 and 4.3.2. 
 
6.3.3 Environmental water samples 
 
Water samples were collected from local sources and included bottled water from a typical 
office spring water dispenser, rain water collected off a suburban house-hold roof during a 
rain-fall event and sea water collected 2 meters offshore from a dog beach in Perth, Western 
Australia. These sources represented drinking water and marine recreational water that are 
routinely monitored to protect public health. It may be important to monitor rain-water tanks 
in the future. In this study the rain-water was collected directly from the roof during a 
rainfall event to ensure that the water conditions were not altered by other processes that 
could occur in individual rain-water tanks. Water was collected into sterilised containers and 
stored at 4 °C for 24 hours or less before testing. 
 
6.3.4 Bacterial Adsorption 
 
Batch adsorption experiments were performed as described in Section 2.3, but in 
environmental waters instead of laboratory preparations. Zeolites at 10 mg/ml were added to 
10 ml volumes. Escherichia coli and E. faecalis were ‘spiked’ together at concentrations of 
103 organisms per millilitre in suspensions of natural waters. Selective agar, described in 
Section 2.2, was used to distinguish ‘spiked’ bacteria from other types of bacteria in 
environmental waters but the presence of ‘indigenous’ E. coli and E. faecalis was not 
distinguished using this method but was not expected to affect the results because of the low 
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numbers of these bacteria in natural waters. Adsorption by the different types of zeolites was 
measured by the percentage of spiked bacteria cultured on the zeolites using agar culture 
methods as described in Section 2.3. Results were compared graphically and statistical 
comparisons were made using the Student’s t-test. 
 
6.3.5 Bar-coded Pyrosequencing and Analysis 
NZ, SMZ and SZ (100 mg) were agitated in 10 ml volumes of a rain water sample for 10 min 
and sedimented for 1 min. DNA was extracted using the methods described in Section 
2.4.2. Controls included DNA from rainwater (no zeolite) and NZ (no rainwater) as well 
as a blank (no DNA) amplification control. Variable regions of the bacterial 16S rRNA 
gene were amplified by bar-coded pyrosequencing as described before (Coghlan et al. 
2012). Briefly, universal bacterial fusion primers (Hamady et al. 2008) were used to generate 
PCR amplicons in triplicate and pooled. PCR was carried out in a 25 µL total volume 
including 4 µL of template DNA, containing: 2.5 mM MgCl2 (Fisher Biotec, Australia), 1× 
Taq polymerase buffer (Fisher Biotec, Australia), 0.4 µM dNTPs (Astral Scientific, 
Australia), 0.4 mg BSA (Fisher Biotec, Australia), 0.4 µM of each primer, and 0.25 µL of 
AmpliTaq Gold DNA polymerase (ABI). The PCR conditions included: initial denaturation 
at 95°C for 5 minutes, followed by 40 cycles of 95°C for 30 s, 54°C 30 s, 72°C for 30 s, 
and a final extension at 72°C for 10 minutes (Corbett Research, NSW, Australia).  
Amplicons were purified using QIAquick PCR purification kit (Qiagen Pty Ltd, 
Australia) and DNA concentration estimated so equimolar concentrations could be pooled 
for emulsion PCR. The Roche GS Junior run set up included an emulsion PCR step, bead 
recovery and the sequencing run. All of these procedures were carried out according to the 
Roche GS Junior protocols (http://www.454.com). Sequencing output files were processed as 
previously described (Coghlan et al. 2012) through an automated pipeline in an Internet-
based bioinformatics workflow environment, YABI (https://ccg.murdoch.edu.au/yabi/). The 
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resultant BLAST files were imported into the program MEtaGenome ANalyzer (MEGAN 
version 4.62.1) (Huson et al. 2007) for taxonomy, using the following lowest common 
ancestor parameters: min score of 65, top percent of 5, and min support of 1. To compare 
the MEGAN assignments with other algorithms, QIIME (Caporaso et al. 2010) analysis was 
also used. 
 
6.4 Results 
 
6.4.1 Separation of E. coli and E. faecalis from environmental waters by zeolites 
 
The different types of zeolites removed bacteria differently in the natural waters tested (See 
Figure 30). The NZs separated low numbers (< 10%) of bacteria in drinking water and in 
rain-water and low numbers of E. coli from sea water, but higher numbers (39 ± 13.6%) of E. 
faecalis from sea water. Nil to few bacteria were detected on the SMZ from the waters tested 
and the highest percentage was 3 ± 2.7% for E. coli from sea water. The SZ separated the 
highest percentage of E. coli and E. faecalis with 40-50% removed from drinking water and a 
similar removal was obtained for E. faecalis in rain water (57 ± 9.9%) but was slightly less 
(~25%) for E. coli. The SZ also removed 30 ± 7.8% of E. faecalis and 17 ± 1.2% of E. 
coli from sea water. Isolation of E. faecalis by the SZ was not different in the types of 
water tested (p > 0.05; Student’s t-test). 
 
6.4.2. Molecular quantification of rain water bacteria on zeolites 
 
Over 18,000 high quality 16S rDNA sequence reads were generated by bar-coded 
pyrosequencing with no chimeras detected. This included three controls, no template, rain 
water (no NZ) and NZ (no rain water) and three experimental groups rainwater plus NZ, 
silanised zeolite or surfactant modified zeolite. To explore the dataset, MEGAN was used 
as described previously (Huson et al. 2007) (See Figure 31). 
132  
A) 
 
  B) 
 
  C) 
 
Figure 30: The percentage of cultured enteric bacteria on the different types of 
zeolites (unmodified-NZ, surfactant modified-SMZ, silanised-SZ) when E. coli and E. 
faecalis were spiked in bottled drinking water (DW), sea water (SW) or rain water 
(RW). 
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Most bacterial species in the RW were from the Enterobacteriaceae in both the 
experimental groups using the different zeolites and the matching controls with no added 
zeolites. There were some groups present in all or several samples and included E. coli and 
Serratia spp within the Enterobacteriaceae, Comamonas, Rhizobiales, Sporosarcina and 
Pseudomonas spp. But there were also some groups, which were only found in one type 
of sample or in the control. For example, bacteria on SMZ included Corynebacterium, 
Rhodococcus, Anoxybacillus, Acinetobacter and Xanthomonadaceae which were not found 
in other samples (See Figure 31). Reads from the SZ included species of Enterobacteriaceae 
such as E. fergusonii and Shigella in addition to Gammaproteobacteria Alcanivorax and 
Haemophilus which were not found in the other samples. The SMZ captured many gram 
positive bacteria and the SZ appeared to capture more species of Enterobacteriaceae and 
Gammaproteobacteria. 
For statistical comparison, the batched sequences were formatted for QIIME analysis 
(Caporaso et al. 2010). Sequences were clustered into operational taxonomic units (OTUs) 
with UClust (Edgar 2010) at a similarity threshold of 97%. Representative sequences were 
selected for multiple sequence alignment using PyNAST (Caporaso et al. 2010). Taxonomy 
was assigned for each of the 990 OTUs produced using an RDP classifier (Lin, Chen, and 
Wang 2007) with minimum confidence of 0.8. Most OTUs were assigned to the 
Proteobacteria (73%) with some assigned to Firmicutes (9%), Bacteroidetes (5%) and 
Actinobacteria (5%). The majority of Proteobacteria were assigned across the samples to 
Gammaproteobacteria (L3) (57 to 83%) and the family Enterobacteriaceae (L5) (42 to 
76%). The SMZ contained fewer OTUs assigned to Enterobacteriaceae (42%) than the SZ 
(76%), but had additional gram-positive bacteria such as Actinomycetales and 
Corynebacterium that were absent from other samples (supplementary OTU table) (See 
Figure 32). 
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Figure 31: MEGAN phylogram of bacterial components captured from rainwater by 
NZ, SMZ, SZ and controls. Data-sets were normalised to number of reads. Colours of 
pie charts indicate sample/control groups and size of nodes indicate relative abundance 
of sequence reads.
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A) Supplementary OTU table and taxonomic composition of controls and zeolite captured samples 
at taxon lineage level 4. 
 
 
  
 
 
Total 
 
 
Rain 
58 
 
 
Z 
59 
 
 
R+Z 
60 
 
R + 
SilZ 
61 
R + 
 
SurfZ 
62 
 
 
NTC 
63 
Legend Taxonomy count % % % % % % % 
 Bacteria;Acidobacteria;Acidobacteria_Gp3;Gp3 0 0.1% 0.0% 0.0% 0.4% 0.0% 0.0% 0.0% 
 Bacteria;Actinobacteria;Actinobacteria; Actinomycetales 0 0.8% 0.0% 0.0% 1.1% 0.7% 2.5% 0.3% 
 Bacteria;Actinobacteria;Actinobacteria; Other 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 
 Bacteria;Actinobacteria;Actinobacteria; Rubrobacterales 0 0.3% 0.0% 0.0% 0.5% 0.0% 0.6% 0.8% 
 Bacteria;Actinobacteria;Actinobacteria; Solirubrobacterales 0 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 0.0% 
 Bacteria;Bacteria_incertae_sedis;Ktedonobacteria; 
Ktedonobacterales 
 
0 
 
0.1% 
 
0.0% 
 
0.0% 
 
0.5% 
 
0.0% 
 
0.0% 
 
0.0% 
 
 Bacteria;Bacteroidetes;Bacteroidia; Bacteroidales 0 0.3% 1.5% 0.0% 0.0% 0.0% 0.0% 0.0% 
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 Bacteria;Bacteroidetes;Flavobacteria; Flavobacteriales 0 0.3% 0.0% 0.0% 0.0% 0.4% 1.2% 0.0% 
 Bacteria;Bacteroidetes;Other; Other 0 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 0.1% 
 Bacteria;Bacteroidetes;Sphingobacteria; Sphingobacteriales 0 0.9% 1.3% 0.2% 1.5% 0.0% 1.8% 0.7% 
 Bacteria;Cyanobacteria;Cyanobacteria; Chloroplast 0 0.4% 0.0% 0.0% 2.5% 0.0% 0.0% 0.0% 
 Bacteria;Cyanobacteria;Cyanobacteria; Family II 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 
 Bacteria;Cyanobacteria;Cyanobacteria; Family V 0 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 
 Bacteria;Deinococcus-Thermus;Deinococci; Deinococcales 0 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 
 Bacteria;Firmicutes;Bacilli; Bacillales 0 4.1% 0.8% 0.0% 0.0% 2.6% 12.5% 8.5% 
 Bacteria;Firmicutes;Bacilli; Lactobacillales 0 1.3% 2.1% 0.2% 0.5% 0.2% 2.0% 2.5% 
 Bacteria;Firmicutes;Bacilli;Other 0 0.1% 0.0% 0.0% 0.0% 0.0% 0.1% 0.4% 
 Bacteria;Gemmatimonadetes;Gemmatimonadetes; 
Gemmatimonadales 
 
0 
 
0.1% 
 
0.0% 
 
0.0% 
 
0.7% 
 
0.0% 
 
0.0% 
 
0.0% 
 Bacteria;Nitrospira;Nitrospira; Nitrospirales 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 
 Bacteria;Other;Other; Other 0 1.4% 0.0% 3.8% 2.6% 0.1% 0.9% 0.9% 
 Bacteria;Proteobacteria;Alphaproteobacteria; 
Alphaproteobacteria_incertae_sedis 
 
0 
 
0.2% 
 
0.0% 
 
0.0% 
 
0.0% 
 
1.0% 
 
0.0% 
 
0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria: 
Caulobacterales 
 
0 
 
0.1% 
 
0.0% 
 
0.0% 
 
0.4% 
 
0.0% 
 
0.1% 
 
0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria; Other 0 0.1% 0.0% 0.0% 0.1% 0.4% 0.3% 0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria; Rhizobiales 0 0.8% 2.3% 0.6% 0.8% 1.2% 0.0% 0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhodobacterales 
 
0 
 
0.5% 
 
0.0% 
 
0.0% 
 
0.7% 
 
1.3% 
 
1.1% 
 
0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhodospirillales 
 
0 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.1% 
 
0.0% 
 Bacteria;Proteobacteria;Alphaproteobacteria; 
Sphingomonadales 
 
0 
 
0.1% 
 
0.0% 
 
0.0% 
 
0.7% 
 
0.0% 
 
0.2% 
 
0.0% 
 Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales 1 15.2% 20.2% 12.2% 23.9% 4.9% 15.0% 14.9% 
 Bacteria;Proteobacteria;Betaproteobacteria; 
Hydrogenophilales 
 
0 
 
0.4% 
 
0.0% 
 
1.0% 
 
0.0% 
 
0.1% 
 
0.7% 
 
0.3% 
 Bacteria;Proteobacteria;Betaproteobacteria; Methylophilales 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
 Bacteria;Proteobacteria;Betaproteobacteria; Neisseriales 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 
 Bacteria;Proteobacteria;Betaproteobacteria; Other 0 0.5% 0.9% 0.3% 0.5% 0.4% 0.7% 0.2% 
 Bacteria;Proteobacteria;Betaproteobacteria; Rhodocyclales 0 0.3% 0.0% 0.0% 0.0% 1.4% 0.0% 0.2% 
 Bacteria;Proteobacteria;Gammaproteobacteria; 
Chromatiales 
 
0 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.1% 
 
0.0% 
 Bacteria;Proteobacteria;Gammaproteobacteria;Enterobacteri 
ales 
 
4 
 
61.6% 
 
66.7% 
 
76.0% 
 
54.1% 
 
75.9% 
 
41.8% 
 
55.0% 
 Bacteria;Proteobacteria;Gammaproteobacteria; 
Methylococcales 
 
0 
 
0.2% 
 
0.0% 
 
1.3% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.0% 
 Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirill 
ales 
 
0 
 
0.2% 
 
0.0% 
 
0.0% 
 
0.0% 
 
1.2% 
 
0.0% 
 
0.0% 
 Bacteria;Proteobacteria;Gammaproteobacteria; Other 0 0.6% 0.2% 0.6% 0.4% 0.8% 0.8% 0.7% 
 Bacteria;Proteobacteria;Gammaproteobacteria; 
Pasteurellales 
 
0 
 
0.1% 
 
0.0% 
 
0.0% 
 
0.0% 
 
0.7% 
 
0.0% 
 
0.0% 
 Bacteria;Proteobacteria;Gammaproteobacteria; 
Pseudomonadales 
 
0 
 
5.3% 
 
1.8% 
 
2.8% 
 
3.2% 
 
4.7% 
 
9.8% 
 
9.6% 
 Bacteria;Proteobacteria;Gammaproteobacteria; 
Xanthomonadales 
 
0 
 
1.4% 
 
0.0% 
 
0.0% 
 
0.4% 
 
0.0% 
 
4.7% 
 
3.0% 
 Bacteria;Proteobacteria;Other; Other 0 2.2% 2.0% 1.2% 3.7% 1.9% 2.6% 1.8% 
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B) Supplementary rarefaction plots for alpha diversity indexes Shannon, 
PD_whole_tree, chao1, and observed_species 
 
 
 
C) Supplementary Alpha diversity indexes, columns show the alpha diversity metrics 
and the rows correspond to samples and their calculated diversity measurements 
 
 shannon PD_whole_tree chao1 observed_species 
58 1.356779649 0.93431 7 4 
59 1.360964047 0.23342 3 3 
60 2.646439345 0.57233 12 7 
61 1.960964047 0.71942 6.5 5 
62 2.160964047 0.8864 16 6 
63 2.170950594 0.69328 5.5 5 
 
 
Figure 32: Statistical comparison of pyrosequencing results using A) OTU analysis: NTC is no 
template control.  B) Rarefaction plots for alpha diversity indexes and C) supplementary 
alpha diversity indexes 
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To assess species richness the OTU table was sub-sampled (rarefied) by random sampling 
without replacement. The four diversity indices tested suggested a reasonable number of 
individual sequences had been obtained in the pyrosequencing for each sample 
(supplementary rarefaction plots). Four methods were used (Shannon Weaver, 1962; PD- 
whole_tree; Chao 1984; observed species metric) to analyse alpha diversity within the 
samples. The lowest species richness was present in the rain only and NZ only samples as 
might be expected, with greater richness in rain water only plus zeolites with different 
modifications (supplementary Alpha diversity table) (See Figure 32). 
Beta diversity to compare differences between microbial communities from each sample and 
controls were also calculated for each pair of samples and visualised by principle coordinate 
analysis (See Figure 33). 
 
 
Figure 33: Unweighted unifrac principle coordinate analysis using discrete groups to 
compare zeolite capture between different zeolite modifications and controls. 
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6.5 Discussion 
 
Isolating bacteria from water can be difficult but is a necessary step prior to analysing 
samples using faster detection technologies (Straub et al. 2005). Environmental waters are 
chemically and physically heterogeneous and differences between microorganisms and 
surface characteristics pose significant hurdles to finding a universal system to separate 
microorganisms from water (Straub and Chandler 2003, Polaczyk, Roberts, and Hill 2007). 
Adsorption from water by particles that are more easily removed from the liquid suspension, 
such as clays, can be applied in a range of waters, although the efficiency may be reduced by 
ionic competition for adsorption sites.   
Natural zeolitized tuff removed low amounts of the bacteria in drinking and rain water and 
this was expected because the microorganisms and the zeolites carry a negative surface 
charge and would prevent sorption by electrostatic repulsion (Jin et al. 2007, Redman et al. 
2001, van Loosdrecht et al. 1987a). The intensity of electrostatic repulsion is less in the 
presence of cationic salts and allows particles to adsorb via attractive van der Waal forces 
(Rance and Khlobystov 2010) and could explain why more bacteria were isolated by the NZs 
in sea water (39% of E. faecalis isolated). This however doesn’t account for the low amount 
of E. coli isolated under the same conditions, which may due to differences in the cell 
membrane properties of gram positive and gram negative bacteria as described before 
(Walker et al. 1989). Selective sorption of E. faecalis by NZ has positive implications for 
monitoring coastal waters. Isolation by NZ was completed in 10 minutes and if used in 
conjunction with rapid detection assays, E. faecalis could potentially be detected in 
recreational waters within 2 hours as was highlighted as a priority during the 2007 US EPA 
congress (Bushon et al. 2009, Bushon, Likirdopulos, and Brady 2009b). 
When modified with a cationic surfactant, the zeolites showed a different ability to isolate 
indicator bacteria from the water tested. Despite previous studies indicating that the 
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antimicrobial properties of cationic surfactants are reduced once attached to soils or zeolites 
(Li et al. 1998, Nye, Guerin, and Boyd 1994), none of the E. faecalis and very little of the 
E. coli (less than 5%) were detected on the SMZ. Instability of HDTMA-Cl attachment to 
NZ has been shown previously in deionised water (Li 1999, Li and Bowman 1998) and 
would explain the inability to detect bacteria separated from drinking and rain water which 
would contain little/few ions. Sea water contains ionic salts and therefore it was not 
surprising that some E. coli could be cultured from the SMZ suspended in sea water, but 
this was still less than 5% of that seeded. Other studies using SMZ applied as filter media, 
reported high removals of bacteria and viruses from water (Schulze-Makuch et al., 2003, 
Schulze-Makuch et al., 2002). From the present study it would appear that the high 
removals reported previously were mostly due to inactivation and similar findings have been 
reported by others (Abbaszadegan et al. 2006). Unless the bacteria isolated on the SMZ 
could be detected, this type of media may not be suited to the purpose described. 
Alternatively, bacteria were detected on SZ when tested in bottled drinking water, sea water 
and roof-harvested rainwater rain water. Around 30 to 60% of E. faecalis (spiked at 103 
organisms per millilitre) were isolated by SZ and this was equally efficient all types of water 
(p > 0.05). Isolation of E. coli was more variable presumably due to differences in the cell 
wall structure of gram-negative bacteria (Walker et al. 1989), mentioned above. However, E. 
coli isolation was high (55%) in drinking water. It is therefore possible that SZ could be 
used to isolate enteric bacteria (E. coli and E. faecalis) in drinking water quality 
monitoring applications with a similar efficiency. The water tested in the present study was 
not very turbid. Testing in more turbid waters could identify advantages of the use of SZ 
separation over techniques like membrane filtration, as filtration is often compromised by 
clogging and membrane fouling by particulates in environmental waters (Skraber et al. 2009, 
Zarlenga and Trout 2004). 
The next issue to consider was the possibility that bacteria in the environment, possess 
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different surface characteristics than those cultured and therefore the capture of ‘indigenous’ 
microbial communities from an environmental rain water sample was investigated using bar- 
coded pyrosequencing. Different bacterial groups appeared to be isolated depending on the 
type of NZ used and was consistent with the selective sorption of bacteria to NZ 
reported by Kubota et al., (2008). Distance analysis revealed that the SZ plus rainwater was 
most similar to the NZ only and the rain water only samples and therefore this type of 
surface modification was most effective at isolating representative communities. By contrast, 
the distances for NZ and SMZ were further suggesting that bacterial population were not 
captured effectively or a biased capture occurred. Pyrosequencing results mostly supported 
the findings of the culture studies but it was interesting that the SMZ were shown to capture a 
larger proportion of gram-positive bacteria, which was not shown for E. faecalis according 
to culture-based assays. It was possible that the surface structure of cultured E. faecalis 
differed to that of environmental Bacillus, Actinomycetales and Corynebacterium and 
interactions with SMZ were therefore different, but the attachment of E. faecalis in a non-
cultivable state to SMZ should not be discounted.  
This investigation was limited to one type of water simply due to the cost of pyrosequencing. 
Further analysis would be required to verify the findings however and could not be 
performed as part of this study. Nonetheless, consistency between pyrosequencing 
analysis and culture-based assays does support the use of SZ for simultaneous isolation 
of multiple microorganisms from water and would be of interest to water industry 
professionals. 
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Chapter 7: General Discussion 
 
 
Escott natural zeolitized tuff was evaluated for the ability to isolate microorganisms from 
water. The main reason was to identify whether zeolite could isolate waterborne 
microorganisms into a small volume suitable for use in rapid detection assays. This work is 
of interest because at present there is no simple and cost-effective way to simultaneously 
isolate potentially pathogenic microorganisms for detection using assays including 
molecular-based techniques (Aw and Rose 2012, Straub et al. 2005). Several different 
solution chemistries, two different types of chemical modification of NZ surfaces 
(surfactant modified-SMZ and silane modified-SZ) and the attachment of a recombinant 
capture protein to the NZ surface were investigated and each were shown to have advantages 
and disadvantages for isolating microorganisms from water. 
Batch adsorption techniques were applied to determine the best option and the limitations of 
using NZ for the purpose described above. Out of all the conditions and NZ types tested, 
SMZ removed the greatest proportion of microorganisms (90-100%) from water and was 
consistent with high removals of bacteria, virus and protozoa from water reported previously 
(Abbaszadegan et al. 2006, Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). 
From this it appeared that SMZ could simultaneously isolate multiple pathogens in water for 
subsequent detection. However, neither culture-based or qPCR assays could confirm the 
attachment of microorganisms to SMZ. There were two main explanations considered. 
Firstly the microorganisms may have been inactivated by the unbound surfactant in solution 
(Li 1999), and were in fact not attached to SMZ. Alternatively the microorganisms may have 
been attached to SMZ in a non-cultivable form and the molecular assays used here were not 
sufficient to reveal attachment. In support of the latter, bacteria were detected on SMZ 
using bar-coded pyrosequencing and analysis suggested an affinity of gram positive 
bacteria, such as Bacillus, Actinomycetales and Corynebacterium for SMZ. This was 
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unexpected because the gram-positive bacteria E. faecalis appeared highly susceptible to 
the antimicrobial properties of the cationic surfactant (Chapter 4) and this has been reported 
previously (Hrenovic et al., 2008a). Bacteria undergo physiological and morphological 
changes when they attach to surfaces (Harshey 2003) and in one study virus cells were 
shown to burst immediately after their attachment to surfaces coated with hydrophilic 
polycations (Hsu et al. 2011). It is unknown whether changes in microorganisms after 
attachment would prevent detection of all types of microorganisms on SMZ and further 
work is required. 
After the SMZ, the next highest removal of microorganisms from water was 90% and this 
was for semi-selective removal of E. faecalis using a novel PlyV12 endolysin capture protein 
adsorbed to SZ surfaces. This method appears promising, but would be restricted to 
applications aiming to isolate specific known bacterial indicators or pathogens as opposed to 
the simultaneous isolation of multiple microorganisms. Nonetheless, using recombinant 
capture proteins, such as the PlyV12 endolysin protein, instead on antibodies has been 
effective for the isolation of Listeria from complex matrices (Kretzer et al. 2007) and was 
demonstrated here for E. faecalis in water. The efficiency of E. faecalis capture by the 
protein alone should however be considered and when the protein was attached to 
immunomagnetic beads instead of SZ (See Figure 26), the proportion of the bacteria 
isolated was lower (37%). Therefore, both selective and non-selective processes were 
responsible for high removals. Approximately 60-70% removal could be attributed to the SZ 
alone, and a further increase of 20-30% could be attributed to the protein. This has important 
implications for the use of SZ to isolate microorganisms in water and is discussed below. 
Unlike SMZ, SZ had not previously been reported for the purpose of isolating waterborne 
microorganisms. Experiments conducted revealed some properties that may be useful to 
isolate microorganisms from water. While it was not as effective as SMZ for removing 
bacteria and virus from water, SZ did have the advantage that all of the organisms removed 
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from the water were detected using culture and molecular based assays and that the removal 
was fairly consistent over a range of solution chemistries and in bottled drinking water, rain 
water and sea water.  Around 60% of E. coli and 70% of E. faecalis were isolated by SZ in 
most of the water chemistries tested (Chapter 4), however this was slightly less in sea water 
(Chapter 6). As stated above there is also the potential to increase these values by using 
recombinant PlyV12 bacteriophage endolysin capture proteins attached to SZ. Silane 
modified surfaces enhance the sorption of proteins in a functional form (Liu et al. 2004) as 
was shown here. It is possible that a combination of recombinant proteins could be attached 
to SZ as a multiple-capture media, or it may be that proteins could be bound separately or in 
groups to SZ as required and water quality professionals can select which ones to use in 
specific applications. Investigation into the feasibility of these options could be the focus of 
further studies. 
While the potential for SZ to isolate bacteria in water was promising, the isolation of MS2 
bacteriophage was lower (33%). With issues regarding the detection of viral contamination in 
water (Hamza et al. 2011), it would be good if the isolation method also included viruses. 
From the above however, it did not appear that SMZ or SZ could sufficiently isolate MS2 
bacteriophage in a form suitable for subsequent detection, although this does not necessarily 
rule out the use of NZ. When NZ was added to water that contained MS2 bacteriophage and 
20 mM CaCl2, around 80% of MS2 bacteriophage was removed by NZ (Chapter 3).  Under 
similar solution chemistry conditions, the NZs also isolated 49% of E. coli and 71% of E. 
faecalis seeded in the water. High removals were believed to be due to microorganism-
Ca2+-zeolite specific interactions with similar findings reported for viruses by others 
(Gutierrez et al. 2010, Mylon et al. 2010). The fact that rotavirus has been shown to have 
similar adsorption to MS2 bacteriophage in the presence of divalent cations (Gutierrez et al. 
2010, Mylon et al. 2010) would suggest that NZ capture in the presence of Ca
+ 
could be used 
to isolate human pathogenic viruses in water.  Unfortunately, only the bacteria removed from 
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the water could be detected using culture-based assays. The inability to detect viruses after 
adsorption to solid surfaces has been described previously (Hsu et al., 2010) as mentioned 
above.  Hsu et al., (2010) indicate that the viral proteins were the only component remaining 
on the solid substrate after adsorption.  Therefore, the development of alternative detection 
methods to detect protein rather than DNA/RNA could be useful. Protein detection assays 
could be used to detect microorganisms on SMZ as well as to confirm virus attachment to 
NZ in CaCl2 solutions and requires further investigation. 
It was evident that zeolite-isolation of waterborne microorganisms is variable. It may be that 
different solution chemistries and types of NZ could be tailored for specific applications. For 
example, under certain solution chemistries it was indicated that SZ were more likely to 
adsorb E. faecalis compared to E. coli and this was especially noticed in sea water samples. 
To monitor beaches for the presence of microorganisms, the selective affinity for E. faecalis 
by SZ could be important to help assess the risk to public health (Wade et al. 2006, Wade et 
al. 2003). Such specific-capture applications like detecting E. faecalis in coastal waters could 
also be further enhanced by attaching an E. faecalis-specific bacteriophage endolysin 
recombinant protein (mentioned above) and capture the E. faecalis into a volume suitable for 
use in molecular detection assays. 
The ultimate purpose of this work was to isolate waterborne microorganisms into small 
volumes and to provide an alternative to filtration that was compatible for use with rapid 
detection assays. The zeolite-capture method provided a 1:100 reduction in the sample 
volume and the microorganisms isolated on SZ were detected using traditional culture-based 
and molecular assays. Irrespective of the water chemistry or the types of NZ used, 
capture was completed in 10 minutes and did not necessarily require electricity or complex 
equipment. Feasibility of this method for use in rapid molecular detection technologies was 
demonstrated and the problem of PCR inhibition in environmental samples was simply 
overcome by diluting the DNA or RNA extracted from NZ’s that were used in batch 
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adsorption studies.  Unlike many other methods to separate microorganisms from water, such 
as membrane filtration and continuous flow centrifugation (Borchardt and Spencer 2002, Hill 
et al. 2007, Hill et al. 2005, Hill et al. 2009, Hoffman et al. 2007, Morales-Morales et al. 
2003, Polaczyk et al. 2008, Skraber et al. 2009, Zuckerman and Tzipori 2006), isolation by 
NZ may not be hampered in turbid waters.  Zeolites used as a solid filter media in Palm Oil 
wastewater treatment removed contaminants via adsorption in waters with turbidity as high as 
4352 NTU (Ismail et al. 2013).  Further work to verify the effect of turbidity on microbial 
adsorption is needed and should be investigated to verify the advantage of NZ over current 
methods listed above. 
When modified by a silanisation procedure, the NZ’s separated bacteria from rain water, 
drinking water and sea water with equal efficiency.  This was consistent with the findings 
in other experiments conducted where the isolation of enteric bacteria, namely E. faecalis 
isolation by SZ was not affected by ionic strength or solution pH (Chapter 3). The SZ had a 
reduced negative surface charge (in PBS) but had a positive surface charge (in dH2O) and the 
use of positively charged adsorbents, including the modification of surface properties to 
produce a positive surface charge, has been shown to increase adsorption of microorganisms 
previously (Truesdail et al. 1998, Farrah et al. 1988, Farrah et al. 1991).  Silane-modified 
zeolites isolated the most representative bacteria populations from rain water according to 
pyrosequencing results and could be used to isolate microorganisms for similar community 
profiling applications such as the characterisation of contaminant reducing bacteria in 
bioreactors. 
The use of NZ for water purification has been described (Abbaszadegan et al. 2006, 
Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). If the detection of adsorbed 
microorganisms was not crucial, water could be purified from enteric bacteria and virus 
using the SMZ (> 90% removal), consistent with previous studies using NZ as a granular 
filter media (Schulze-Makuch et al. 2003, Schulze-Makuch et al. 2002). A similar level of 
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purification could be achieved for viruses (>80% removal) and E. faecalis (>70% removal) 
using NZs in the presence of 20 mM CaCl2 which, according to the literature reviewed has 
not been reported before. Purification of water from potential pathogens would be important 
in developing countries that suffer from limited access to clean drinking water (Kosek, Bern, 
and Guerrant 2003, WHO/UNICEF 2013) and because the method doesn’t require 
specialised equipment and was cheap and simple to perform, it could be easily adapted to 
reduce the risk of water-borne disease associated with the drinking water in developing 
countries. The affordability and water purification applications for NZ in developing countries 
has been summarized in detail elsewhere (Kowenje and Oswe, 2015) and included use in 
permeable reactive barriers to reduce groundwater contamination and as biofilters to remove 
microbial pathogens from water. 
In summary, the hypothesis that NZ (unmodified or after surfactant modification) could 
isolate waterborne microorganisms from water was demonstrated, but with limitations 
mentioned above. It was also shown that zeolite-isolation was potentially compatible with 
molecular based detection assays. Furthermore, the ability to reduce the sample volume 
was similarly demonstrated (1:100 concentration), although application in large volumes 
of water may be different and was not investigated as a part of this work. It would be 
necessary to clarify efficiency in the larger volumes of water that need to be analysed 
to adequately assess the risk to public health (Straub and Chandler 2003). The method as 
it has been presented could be applied in 100 mL using 1 g of NZ (using conditions or 
NZ that were most suited to specific applications). This amount of NZ can be applied in 
commercial DNA and RNA extraction kits. It is however also feasible that larger volumes of 
water could be passed through or ‘treated’ with 1 g of NZ. This may be possible using a 
circulation system, although energy (electricity) may be required. It is also feasible that the 
same ‘shaking’ method as described here could be repeated multiple times using the same 
NZ’s until the desired volume was achieved and, electricity may not be required. Due to 
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time constraints, these prototypes were not investigated. It is acknowledged that in order to 
fully understand the advantages or limitations of NZ for the purpose described, larger volumes 
of water should have been tested. Further studies could investigate these options as well as 
the possibility of protein assays to detect microorganisms attached to NZ, but could not be 
detected by culture-based assay or qPCR (and RT-qPCR). The work presented contributes 
valuable information regarding the use of NZ to isolate waterborne microorganisms. 
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